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Productivity and flexibility improvement of
assembly lines for high-mix low-volume production.

A white goods industry case.

Adrian Miqueo Delgado

Abstract

The global trends of mass customisation and mass personalisation drive high-
mix low-volume industrial production, characterised by high variety of products
in low quantities each. Thus, mass customisation requires that assembly systems
are simultaneously highly productive and flexible, contrary to the traditional di-
chotomy between them. The so called 4th industrial revolution brings several key
enabling technologies which could help to address this. However, implementation
methodologies for assembly 4.0 are still an open issue. In fact, to benefit from all
the potential advantages brought by Industry 4.0, a previous level of operational
excellence is required along with a holistic analysis of the system. In consequence,
this thesis aims to understand and define how to improve the productivity and
flexibility of assembly operations under high-mix low-volume demand.

The overarching aim is divided into three objectives. First, understanding the
relationship between Industry 4.0 and assembly operations, as well as its implica-
tions for the human operators. Second, developing a methodology and the tools to
evaluate the performance of different flexible assembly line configurations. Finally,
to design assembly systems that improve their productivity by at least +25% un-
der high-mix low-volume demand by introducing a combination of automated and
manual workstations.

To address the understanding stage, a systematic literature review was carried
out and a conceptual framework for Assembly 4.0 was developed. Two assembly
systems performance evaluation tools—an analytical mathematical model and sev-
eral discrete events simulation models—were developed, validated and verified. A
real industry study case from a global white goods manufacturer was employed for
verification and as starting point for further analysis. Design of experiments and

multiple simulation scenarios were used to investigate three key issues.

First of all, the most critical factors affecting the performance of manual multi-
model assembly lines were identified. Secondly, the performance of semiautomatic
parallel walking-worker lines was compared to semiautomated and manual fixed-
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worker lines. Finally, the use of milkrun trains for in-plant logistics of multi-model
assembly lines under severe disturbances was investigated.

The simulation results showed that parallel walking-worker lines can outper-
form fixed-worker lines in all demand scenarios, achieving at least the +25% pro-
ductivity goal. They also allow to seamlessly reduce the number of operators
without compromising the line balancing, therefore enabling efficient low-volume
production. In-plant logistics simulation results indicate that milkruns can be a
great way to protect assembly lines from disturbances originated in upstream pro-
cesses.

Further research following the results obtained in this thesis may include ex-
panding and integrating the current simulation models to analyse parallel walking-
worker lines incorporating logistics, breakdowns and maintenance, and quality con-
trol problems and rework policies. Another avenue for research would be the use
of other performance evaluation tools, such as scheduling techniques, to assess
the operational performance of different semiautomated walking-worker line con-
figurations both in terms of automation and layout. Incorporating Industry 4.0
technologies—such as cobots for assembly or material handling tasks, augmented
reality for operator cognitive support, or AGVs for driving the milkrun trains—to
the simulation models to evaluate their global impact. Finally, the work presen-
ted in this thesis encourages the actual implementation of semiautomated parallel
walking-worker assembly lines in an industrial context.
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Mejora de productividad y flexibilidad de lineas de
montaje para produccién en serie corta y variada.
Un caso de estudio de la industria de los

electrodomésticos.

Adrian Miqueo Delgado

Resumen

Las tendencias globales de la personalizacion e individualizaciéon en masa im-
pulsan la produccién industrial en serie corta y variada; y por tanto una gran
variedad de productos en pequenas cantidades. Por ello, la customizacién en masa
precisa de sistemas de ensamblaje que sean a la vez altamente productivos y flexi-
bles, a diferencia de la tradicional oposicién entre ambas caracteristicas. La llamada
cuarta revolucion industrial trae diversas tecnologias habilitadoras que podrian ser
utiles para abordar este problema. Sin embargo, las metodologias para implementar
el ensamblaje 4.0 todavia no han sido resueltas. De hecho, para aprovechar todas
las ventajas potenciales de la Industria 4.0, es necesario contar con un nivel previo
de excelencia operacional y un analisis holistico de los sistemas productivos. Esta
tesis tiene como objetivo entender y definir como mejorar la productividad y la
flexibilidad de las operaciones de montaje en serie corta y variada.

Esta meta se ha dividido en tres objetivos. El primer objetivo consiste en com-
prender las relaciones entre la Industria 4.0 y las operaciones de ensamblaje, asi
como sus implicaciones para los operarios. El segundo objetivo consiste en desarro-
llar una metodologia y las herramientas necesarias para evaluar el rendimiento de
diferentes configuraciones de cadenas de ensamblaje. El ultimo objetivo consiste en
el disenio de sistemas de ensamblaje que permitan incrementar su productividad al
menos un 25 %, produciendo en serie corta y variada, mediante la combinaciéon de

puestos de montaje manual y estaciones automatizadas.

Para abordar la fase de comprension y definicién del problema, se llevé a cabo
una revision bibliografica sistematica y se desarrollo un marco conceptual para
el Ensamblaje 4.0. Se desarrollaron, verificaron y validaron dos herramientas de
evaluacién del rendimiento: un modelo matematico analitico y varios modelos de
simulacién por eventos discretos. Para la verificacion, y como punto de partida para
los analisis, se ha utilizado un caso de estudio industrial de un fabricante global de
electrodomésticos. Se han empleado multiples escenarios de simulacion y técnicas
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de diseno de experimentos para investigar tres cuestiones clave.

En primer lugar, se identificaron los factores mas criticos para el rendimiento
de lineas de montaje manuales multi-modelo. En segundo lugar, se analiz6 el ren-
dimiento de lineas de montaje semiautométicas paralelas con operarios méviles en
comparacion con lineas semiautométicas o manuales con operarios fijos, empleando
diversos escenarios de demanda en serie corta y variada. Por ultimo, se investig6 el
uso de trenes milkrun para la logistica interna de lineas de ensamblaje multi-modelo
bajo la influencia de perturbaciones.

Los resultados de las simulaciones muestran que las lineas paralelas con ope-
rarios moéviles pueden superar a las de operarios fijos en cualquier escenario de
demanda, alcanzando como minimo el objetivo de mejorar la productividad en un
25 % o méas. También permiten reducir comodamente el nimero de operarios traba-
jando en la linea sin afectar negativamente al equilibrado de la misma, posibilitando
la produccioén eficiente de bajo volumen. Los resultados de las simulaciones de lo-
gistica interna indican que los milkrun pueden proteger las lineas de ensamblaje de
las perturbaciones originadas en procesos aguas arriba.

Futuras lineas de investigacion en base a los resultados obtenidos en esta tesis
podrian incluir la expansion e integraciéon de los modelos de simulaciéon actuales
para analizar las cadenas de montaje paralelas con operarios moéviles incorporando
logistica, averfas y mantenimiento, problemas de control de calidad y politicas de
gestion de los retrabajos. Otra linea podria ser el uso de diferentes herramientas
para el anéalisis del desempeno como, por ejemplo, técnicas de programacion de
la produccién que permitan evaluar el desempeno operacional de diferentes con-
figuraciones de cadenas de montaje con operarios moviles, tanto en términos de
automatizacion como de organizacién en planta. Podrian incorporarse tecnologias
de la Industria 4.0 a los modelos de simulacién para evaluar su impacto operacional
global —como cobots para ensamblaje o para la manipulacién de materiales, reali-
dad aumentada para el apoyo cognitivo a los operarios, o AGVs para la conduccion
de los trenes milkrun. Por ultimo, el trabajo presentado en esta tesis acerca las
lineas de ensamblaje semiautomaticas con operarios moviles a su implementacion
industrial.
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CHAPTER 1

Introduction

Assembly operations face a traditional dichotomy between the high productivity
brought by automation and the superior flexibility of manual assembly lines. The
white goods production global context is characterised by high product customisa-
tion demand trends and the new possibilities brought by the new smart technolo-
gies.

Despite the near-unlimited potential benefits of introducing disruptive digital
technologies to assembly lines, the actual implementation methodologies and the
operational maturity required for successfully digitalising the assembly operations
remain an open issue.

This thesis aims to understand and define assembly lines capable of flexibly
dealing with highly customised products while achieving high productivity, and
therefore are ready for the so-called fourth industrial revolution: Industry 4.0.

This chapter presents the thesis background and motivation, followed by the
research problem, the research aims and questions, the scope, and finally outlines
the structure of the document.

1.1 Background and motivation

The first industrial revolution took place during the 18th to 19th centuries in
Western countries. It was enabled by steam engines and the mechanisation of
labour, and it allowed a steep increase in the production of crafted goods. In a
simple market paradigm where demand for industrial products vastly outweighed
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supply, there was a stable driving force for production volume growth [1, p.17-20].

The second industrial revolution took place at the end of the 19th century or
early 20th century, depending on the geographical region. It was brought by tech-
nological advances—interchangeable parts, electricity, Bessemer process for steel,
among others—as well as organisation and management innovations, such as sci-
entific management and production lines. It enabled mass production, which be-
came the dominant production system paradigm until the 1980s. Mass production
allowed manufacturing in large volumes at low cost, by standardising products (i.e.,
reducing product variety) to benefit from economies of scale and labour specialisa-
tion. This led to more and more people being able to afford industrially crafted
products, which fuelled the cycle of increasing production volume and further re-
duction of costs [1, p.21-32].

In the second half of the 20th century, the development of electronics and
computers brought automation and robotic production as well as much faster in-
formation flows. Low-cost standard products were not sufficient anymore, resulting
in product variety and delivery time becoming the new major goals of production
systems, which defined the wolatile market conditions [2]. Developed in Japan in
the 1950s and 1960s, the Toyota Production System (TPS, [3]) emerged as the
best way to achieve the aforementioned goals. Its global expansion (named Lean
production [4, 5]) in the 1980s was concurrent with the appearance of another
key development: Flexible Manufacturing Systems (FMS), which integrate com-
puters, numerically controlled machines and automated material handling devices
[6, p.158]. Both Lean and FMS, which are not mutually exclusive, aim at processing
medium-sized volumes of products featuring a certain degree of variety. This pro-
duction paradigm, covering approximately from the 1980s until the present, is
characterised by the volatile market, widespread information technologies, Lean
production and FSM. It has been named Industry 3.0 [2, 7], to signify the ex-
pected next production paradigm: the 4th industrial revolution or Industry 4.0,
enabled by several digital technologies [8].

To better understand the potential impact of this so-called 4th industrial re-
volution on assembly systems, several basic concepts need to be introduced: indus-
trial assembly, automation, productivity and flexibility and the mass customisation
and mass personalisation demand trends.

Assembly is the part of a production process where various components and
sub-assemblies are joined together so that the product acquires its final form, be-
coming finished. Industrial assembly is, following the definition by Nof et al., “the
aggregation of all processes by which various parts and sub-assemblies are built
together to form a complete, geometrically designed assembly or product (such as
a machine or an electronic circuit) either by an individual, batch or a continuous
process” |9, p.2]. The assembly system utilised is of critical importance since it
greatly affects productivity, product quality and cost.
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The assembly line introduced by Henry Ford is considered the first modern
assembly system and proved very effective for producing large quantities of a single,
standard product. Assembly lines can be defined as “an arrangement of workers,
machines and equipment in which the product being assembled passes consecutively
from one specialised operation to the next until completed. It is also called a
production line” [9, p.2].

Regarding the agent implementing the assembly action, “the manipulative op-
erations may be performed by robots, people, or combinations of both” [6, p.148].
Depending on the degree of automation, the basic types of assembly are three:

Assembly systems are utilized in virtually all types of durable goods
manufacturing. There are three basic types of assembly systems: (1)
manual assembly, which is carried out by human assemblers, usually
with the aid of simple power tools ... (2) Assembly systems that com-
bine human assemblers and automated mechanisms ... (3) Fully auto-
mated assembly systems for mass-produced parts, and particularly in
hazardous environments [6, p.167].

Automated and hybrid systems employ industrial robots to carry out parts
or all the assembly steps, which rises productivity and reduces labour costs. One
of the key enabling technologies for the 4th industrial revolution is collaborative
robotics, which present significant advantages over conventional assembly robots in
terms of safety, cost and ease of implementation and reconfiguration [10, 11]. This
focus on automated systems reconfigurability is closely related to the traditional
dichotomy between productivity and flexibility.

Productivity—i.e. efficiency, the quantity of input resources necessary to pro-
duce a certain output—cannot alone express the actual capability of a production
system to address market demand and to adapt to its successive changes [12]. In-
creasing focus on product variety and customisation requires that assembly systems
are designed and operated with flexibility in mind [13]. However, this approach
may make it difficult to benefit from the productivity advantages resulting from
economies of scale and process specialisation. Traditional dedicated assembly sys-
tems leverage computers and automated machinery to achieve very low production
costs for standard, non-customised products. Nonetheless, they require very high
investments and therefore high production volumes to become profitable. Opposed
to dedicated automated systems, fully manual assembly continues to exist despite
its low productivity because of its extremely high flexibility. This makes it viable
for addressing niche markets and specialist products (Figure 1.1).

Occupying the middle ground between both, flexible assembly systems are
capable of integrating automated and manual assembly stations so that a certain
variety of products can be produced efficiently, even in medium-size production
volumes.

Assembly systems flexibility “can be viewed as the capacity of a system to
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Figure 1.1: Traditional dichotomy between highly productive but inflexible automated systems,
and manual assembly lines which are very flexible but are less productive.

change and assume different positions or states in response to changing require-
ments with little penalty in time, effort, cost, or performance” [14, p.262] (based
on [15]). Out of the ten types of flexibility identified by ElMaraghy et al. [14,
p.263| (based on Browne et al. [16] and Sethi and Sethi [17]), this thesis focuses
on the following four:

e Product Flexibility: “Ease (time and cost) of introducing products into an
existing product mix. It contributes to agility.”

e Volume Flexibility: “The ability to vary production volume profitably within
production capacity.”

e Ezpansion Flexibility: “Ease (effort and cost) of augmenting capacity and/or
capability, when needed, through physical changes to the system.”

e Production Flexibility: “Number of all part types that can be produced
without adding major capital equipment.”

The increasing consideration for flexibility is closely related to the evolution of
global demand trends. Although traditionally there existed a clear segmentation
between mass-produced goods and made-to-order products, the markets have been
shifting towards the customisation of mass-produced items. Although this was not
economically viable in the past; technological advances have made it possible. In
the near future, mass customisation could not only become desirable but expected
of any manufacturing company wanting to remain competitive [2].

Mass customisation is trending since the 1980s, characterised by the change in
demand variety and volume per product reference: “Compared to mass production
(that peaked in 1955), the variety of each product in mass customisation is large
and the volume per product variant is relatively small” [6, p.126].

The industrial production shift from mass production to mass customisation
was already forecasted in 1987. The ability to produce customised products that
meet each consumer’s requirements at near mass production costs is the ulti-
mate goal of mass customisation. Giving customers the chance to have a product
wherever they want it, any way they want it, and whenever they want it, resonates
well with customers. The quantity of mass customised products is gradually in-
creasing as are the customised services. This kind of production paradigm is called
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mass personalisation [18, p.313].

Mass customisation and mass personalisation lead to a particularly challenging
production demand problem: high-mix low-volume [19]. It is characterised by a
large number of items being demanded, in small amounts each one, and with vari-
ation not depending on seasonal trends, making its forecast difficult and inefficient.

Increasingly smaller production lot sizes or even fully personalised singular
products stress the necessity for manufacturers to design and operate the produc-
tion systems, and assembly operations in particular—being the last part of the pro-
duction chain—with a clear goal of being able to thrive in a high-mix low-volume
demand context, for which flexibility is a key characteristic. To stay competitive
in such a context, manufacturing companies will need to increase their productiv-
ity while becoming more flexible. Fortunately, several new digital technologies are
expected to prove useful in achieving this [8].

In the last decades, digital technological advances have opened new possibilit-
ies for a variety of economic sectors. Service providers were the first to benefit from
them. Later, the potential advantages of implementing such solutions in the man-
ufacturing business in Europe were recognised by the German government, who
coined the expression ‘Industrie 4.0’ [20] to conceptualise the projected 4th indus-
trial revolution: a manufacturing paradigm change which would leverage digital
technologies allowing Germany—and Europe—to maintain a leadership position in
the manufacturing landscape, by becoming more agile and efficient, and focusing
in high-value high-tech production [21]. Other leading manufacturing countries,
such as the USA, China, Japan and India have also established similar strategic
plans that stress the importance of leveraging new digital technologies to drive
their industries [22].

[ ® [
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TRAD!TIONAL R'O'BOT ASSEMBLY o HUMAN OPERATOR ASSEMBLY
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High demand required for payback Make-to-order / bespoke production
Mass production ASSEMBLY 4.0 Niche markets

High flexibility A
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Aggregates high-mix low-volume demand

Lower demand pays back collaborative automation

Figure 1.2: Industry 4.0 technologies could help address the dichotomy between productivity and
flexibility of assembly lines.

Industry 4.0, smart industry, smart manufacturing or smart factories, among
others [22], are terms used interchangeably to describe the same vision: increased
flexibility and automation; data and information flow across processes, functions
and companies; enhanced quality achieving zero-defect production; leveraging big



6 Chapter 1. Introduction

data, neural networks, machine learning and Artificial Intelligence, among other
technologies, to maximise efficiency and responsiveness [23]. However, the imple-
mentation road to materialise the 4th industrial revolution to assembly operations—
Assembly 4.0 [24], depicted by Figure 1.2—is far from being established. In fact,
to profit from the potential benefits of smart technologies it would be necessary to
develop assembly systems to a level of operational excellence and Lean maturity
that is rarely found in most industries.

As Figure 1.3 illustrates, it seems clear that applying new technologies to digit-
alise assembly operations can only cause a disruptive advantage if the operational
performance of the underlying systems in its entirety—including conventional ele-
ments such as machinery, hardware, people or organisational policies—have solid
foundations. As Riittiman and Stocki put it “if the manufacturing system is poorly
conceived, digitalisation will only be able to optimise a bad design” [25].
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Figure 1.3: Interaction between factory digitalisation and Lean production.
Figure: Buer et al. [26], CC BY 4.0.

To date, finding effective methodologies for the deployment of Industry 4.0
technologies into assembly operations with a systemic view—in opposition to small,
isolated projects with limited productivity gains—remains an open issue. The prize
of bridging this gap, however, could be the actual realisation of flexible and pro-
ductive systems that can cope and even thrive under the most challenging demand

conditions.

1.2 Research aim, objectives and questions

The central aim of this thesis is to understand and define how to design assembly
operations to improve flexibility and productivity under high-miz low-volume de-
mand. To address this goal, three main research objectives were defined, each one
providing the groundwork for the following one:

1. Understand the state of the art of the 4th industrial revolution assembly
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operations.

e What is the relationship between assembly and mass customisation, lean
production and Industry 4.07

e How could Industry 4.0 technologies improve the flexibility and pro-
ductivity of assembly operations?

e What role does the human operator play in relation to Assembly 4.0
digital technologies?

2. Develop a method and the tools necessary to characterise and evaluate the
performance of different flexible assembly line configurations.

e How can semiautomated flexible assembly operations performance be
evaluated?

e What combination of input parameters, disturbances and Key Perform-
ance Indicators are to be used for such evaluation?

e What are the key drivers for multi-model assembly line performance
under high-mix low-volume demand?

3. Design assembly systems that increase their productivity by at least +25%
while facing high-mix low-volume demand, by incorporating a combination
of automated and manual workstations.

e How can semiautomatic assembly lines be configured to achieve large
productivity gains and maintain high flexibility when facing high-mix
low-volume demand?

e What key factors need to be taken into account when designing such
assembly lines so that digitalisation initiatives can further improve their
performance?

e What technologies could be applied to this particular study case?

1.3 Scope

This thesis is structured in three top-level stages, each one looking into one research
objective, as shown in Figure 1.4.

The first stage—Problem definition—defines and delimits the problem, allow-
ing us to gain a better understanding of manual and semiautomatic assembly lines.
It also lays the foundation conceptual framework upon which the following stages
are built.

The second stage—Analysis tools—introduces, validates and verifies two per-
formance evaluation tools, and uses them in a preliminary study to identify the
most critical factors for flexible assembly lines.

The third stage—Improvement—studies the performance of parallel walking-
worker line configurations compared to traditional fixed-worker lines. It then ex-
pands the simulation models to study the use of milkrun trains for the internal
logistics of multi-product assembly lines as a means to deal with disturbances.
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Figure 1.4: Thesis research aim, objectives, scope and outcomes.

1.3.1 Problem definition stage

Derived from the overarching research aim—understanding and defining how to
design assembly operations to improve flexibility and productivity under high-mix
low-volume demand—comes the first stage of this thesis: Problem definition. First,
it focuses on gaining insight into the assembly operations’ current state of the
art regarding five key areas: the mass customisation and mass personalisation
demand trends; the new possibilities brought by Industry 4.0 digital technologies;
the indicators to be used to evaluate the impact of new technology; the relationship
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of Industry 4.0 with the Lean Production paradigm; and the role of people in this
transformation. A systematic literature review is employed to ascertain the lack of
Assembly 4.0 implementation methodologies.

Resulting from the key findings of the literature review, a conceptual frame-
work is presented, which organises the different layers taking part in assembly
operations and highlights their relationships, revealing which Industry 4.0 digital
technologies could be deployed and the specific layers affected by them. The meth-
odical implementation of new, disruptive, digital technology to enhance assembly
operations require careful evaluation of their potential impact on the system’s per-
formance. This would enable digitalisation projects to actually transform the op-
erational performance of the whole system and to avoid only achieving partial or
minor gains. To set the foundations of such analysis, the basic definitions and
concepts of assembly systems performance evaluation are introduced, and a real
industry case is presented, which will be used in the following stages. Derived
from the research aim, the scope of such performance evaluation is specifically ad-
dressed to manual and semiautomatic assembly systems. The performance metrics
focus on measuring productivity and lead time, while the flexibility is assessed by
the response of the system to disturbances and challenging high-mix low-volume
demand conditions. Both of them contribute to bringing the mass customisation
paradigm into the analysis scope. Thus, this paradigm stresses the importance of
two key elements: product model changeovers and stochastic variability, which will
be integrated into the performance evaluation tools thereafter.

1.3.2 Analysis tools stage

The second stage, Analysis tools, is directly related to the second research object-
ive of this thesis: “developing a method and the tools to characterise and evaluate
assembly operations for high-mix low-volume production”. To do so, two analysis
tools are developed. Firstly, a simplified mathematical model is presented. Des-
pite its limitations, related to the complexity of integrating stochastic variables,
this parametric model’s low computational cost allows carrying out preliminary
estimations quickly. It is used to find the most important factors affecting the per-
formance of the industrial study case’s assembly systems, thus reducing the number
of variables under study. To overcome the limitations of the mathematical model,
discrete events simulation modelling is then introduced. To ensure that this mod-
elling approach is suitable for further analysis, as well as to support the findings of
the preliminary analysis, both models—parametric and simulation—are then valid-
ated and verified against empirical data from the industrial study case. Therefore,
this stage provides two analysis tools suitable for evaluating the performance of
high-mix low-volume assembly lines, including the potential impact of Industry 4.0
technologies, since the framework presented in the previous stage already identified
where would each digital technology sits and which elements would be affected.
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1.3.3 Improvement stage

Once the tools for analysis have been developed and tested, the third stage, Im-
provement, addresses the last key research objective—designing assembly systems
that increase their productivity by at least +25% under high-mix low-volume de-
mand by introducing a combination of automated and manual workstations. Build-
ing on top of the preliminary analysis’ previous findings, parallel walking-worker
assembly lines are presented. To test the potential gains enabled by this type of as-
sembly line configuration, especially in terms of the duple productivity-flexibility,
a comparison is made between fixed- and walking-worker semiautomated lines,
measuring their performance against that of a traditional fixed-worker manual line
configuration. To broaden the scope of the analysis in terms of the model layers
involved in it, further simulation is carried out to analyse the use of a proven Lean
tool, milkrun trains, to feed components to multi-model assembly lines. The goal
of this study is to assess whether the in-plant logistics would present additional
performance constraints to parallel multi-model line configurations, notably when
facing high-mix low-volume demand and are subject to disturbances from different

sources.

1.4 Structure outline

Following the presented scheme, and to sum up the structure of the thesis, the
document is organised as follows:

In Chapter 1, the background and motivation of the thesis have been explained.
The research aims, goals and questions have been made explicit, and the scope of
the thesis has been outlined.

Chapter 2 presents the state of the art through a systematic literature review
to understand the relationship between productivity, flexibility and the new di-
gital technologies for assembly operations. In particular, the review looks into four
closely related topics: assembly for mass customisation; Industry 4.0 and perform-
ance evaluation; Lean production as a starting point for smart factories; and the
implications of Industry 4.0 for people in assembly operations.

Chapter 3 introduces the research framework. Firstly, an operator-centred
conceptual model for Assembly 4.0 is proposed. The model organises the com-
ponents of the assembly operations system along with their interactions among
themselves and with new Industry 4.0 technologies. Then, basic definitions and
concepts of flexible assembly performance evaluation are explained. Finally, this
chapter presents The Cooktop Company industry case study, which will be used
across the remaining chapters.

In Chapter 4, a mathematical analytical model which focuses on product
changeover of assembly lines is introduced. The model is then employed along
with design of experiments techniques for investigating the most critical factors to
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flexible assembly systems performance. Finally, one of the key modelling assump-
tions is validated.

In Chapter 5, discrete events simulation models are developed to overcome
the limitations of the previous chapter’s analytical tool. This chapter covers the
main features of the simulation models used in the thesis, the method employed
to gather empirical data from The Cooktop Company, and the models’ validation
and verification against empirical data from the industrial study case.

In Chapter 6, previous insight on flexible assembly lines and the simulation
tools already developed are used to study parallel walking-worker lines, which
present several key advantages over traditional semiautomated line configurations.
This chapter includes a specific, in-depth literature review on the topic of paral-
lel and walking-worker assembly lines, followed by the modelling assumptions and
simulation model description. Six scenarios are used to explore the effect of various
mass customisation demand conditions as well as the degree of automation intro-
duced to the different line configurations. Four additional simulation scenarios look
into different elements for fine-tuning the parallel walking-worker line concept.

Chapter 7 broadens the scope of the analysis by looking into assembly lines
in-plant logistics using milkrun trains. Omnce again, a chapter-specific literature
review is included. The milkrun model is detailed, and four simulation scenarios
are used to analyse the effect of product mix and three different sources of variability
disturbances.

Finally, Chapter 8 summarises the key findings and the contributions of the
thesis. It also discusses the main avenues for future research.
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CHAPTER 2

State of the Art

This chapter presents a revision of the state of the art by means of a systematic
literature review to understand the relationship between productivity, flexibility
and new digital technologies for assembly operations.
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Figure 2.1: Literature review co-occurrence map for the keyword Industry 4.0.
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The literature review explores the relationship between six key concepts: as-
sembly, mass customisation, Industry 4.0, key performance indicators, Lean and
human operators. Figure 2.1 maps the co-occurrence for the keyword Industry 4.0
with any other keyword, grouping the closer concepts by colours and depicting the
frequency of each keyword using the circle sizes. This facilitates understanding
how each pair of concepts are related, as will be detailed later in this chapter.

The content of this chapter was published as an article [27], which was part of
the Special Issue of the Manufacturing Engineering Society 2020 (SIMES-2020) of
the journal Applied Sciences. Each section of this chapter corresponds to an article
section: Introduction (2.1), Materials and Methods (2.2), Results (2.3), Discussion
(2.4) and Conclusion (2.5). Finally, Section 2.6 includes the chapter summary and

main contributions.
Article title:
Lean Manual Assembly 4.0: A Systematic Review
Article abstract:

In a demand context of mass customisation shifting towards the mass
personalisation of products, assembly operations face the trade-off between
highly productive automated systems and flexible manual operators.
Novel digital technologies — conceptualised as Industry 4.0 — suggest
the possibility of simultaneously achieving superior productivity and
flexibility. This article aims to address how Industry 4.0 technologies
could improve the productivity, flexibility and quality of assembly op-
erations. A systematic literature review was carried out, including 239
peer-reviewed articles from 2010-2020. As a result, the analysis was
structured addressing four sets of research questions regarding (1) as-
sembly for mass customisation; (2) Industry 4.0 and performance eval-
uation; (3) Lean production as a starting point for smart factories, and
(4) the implications of Industry 4.0 for people in assembly operations. It
was found that mass customisation brings great complexity that needs
to be addressed at different levels from a holistic point of view; that
Industry 4.0 offers powerful tools to achieve superior productivity and
flexibility in assembly; that Lean is a great starting point for imple-
menting such changes; and that people need to be considered central
to Assembly 4.0. Developing methodologies for implementing Industry
4.0 to achieve specific business goals remains an open research topic.

2.1 Introduction

The current situation of assembly operations is characterised by an increasingly var-
ied demand (mass customisation) while the production faces a trade-off between
the superior productivity of automated assembly systems and the absolute flex-
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ibility and adaptability of manual assembly. Therefore, high-volume production
of discrete goods received heavy investments for automation, while low volume,
made-to-order or engineer-to-order products were typically assembled manually
[13, 28]. In this context, Lean Production (a generalisation of the Toyota Produc-
tion System) expanded from its origin—Automotive—to many other sectors, and
was adapted as necessary to the particularities of each industry or company [5].
Lean Production typically focuses on value as perceived from the customer’s point
of view, thus it considers that the flexibility to quickly adapt to market demand
is critical. For Lean, rigid automation can be seen as a hindrance rather than an
advantage, and seeks to incorporate the human factor to automation: jidoka, or
‘automation with a human touch’ [29].

The term Industry 4.0, initially adopted by a German strategic program [22],
is used nowadays to express the relationship between different elements of the
current manufacturing sector and the new digital technologies. These Key Enabling
Technologies are according to [8]: Big Data and Analytics, Autonomous robots,
Simulation, Horizontal and vertical system integration, the industrial Internet of
Things (IoT), Cybersecurity, The Cloud, Additive Manufacturing and Augmented
Reality. Recent research on Industry 4.0 tends to focus on the possibilities brought
by a certain new digital technology, or develops a framework to understand what
would be the effect of incorporating such new technologies [24]. The arrival of the
new digital technologies could address the aforementioned dichotomy of highly-
productive yet rigid automation vs flexible but less-productive manual assembly.
The quickly developing fields of Human-Robot Collaboration, Virtual/ Augmented
Reality and Automated Quality Control, to cite some examples, show promise in
bringing forward actually flexible and adaptable automation that has the best of
both worlds.

Scarcely explored is the development of implementation methodologies that
bridge Industry 4.0 conceptual frameworks with the current state of industrial
environments, and the process to successfully deploy new digital technologies that
bring the expected returns of investment. Additionally, if the Lean production
approach and its techniques are also related to this implementation, the concept
of Lean 4.0 could be used as shown in the literature [30]. Since Lean Production
and Industry 4.0 certainly have some commonalities [31], Lean could prove useful
in providing a starting point for the implementation of Industry 4.0 technologies
that improve assembly operations in a mass customisation demand context.

In order to assess the impact of any changes, careful evaluation systems are
needed to ensure that technological investments are implemented to solve the prob-
lems and address the businesses goals, and not just because they are available or
they bring some cosmetic advantage. The 4th Industrial Revolution is expected
to transform the role of the people, but to what extent will assembly operators be
affected — are humans to be replaced by machines, or empowered by new techno-

logy?
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The issue that this literature review aims to address is: How could Industry 4.0
technologies improve the flexibility, productivity and quality of assembly operations?
To look into it, we aim to answer the following questions:

1. What are the characteristics and implications of mass customisation for as-
sembly operations?

2. What new Industry 4.0 digital technologies are relevant to assembly opera-
tions? How to make the most out of their potential, and how to measure the
improvement?

3. Is Lean Production the best starting ground for implementing Industry 4.0
assembly operations?

4. How would Industry 4.0 affect people in assembly? How to support people
transitioning to Assembly 4.07

To answer these questions, a systematic literature review was carried out.
From these four sets of questions, six key concepts are extracted, as shown in
Figure 2.2: The scope of this article is limited to Assembly operations, particu-
larly focusing on Mass customisation demand. Neither fully automated systems
nor manual assembly deal comfortably with mass customisation demand, since
one lacks flexibility and the other’s productivity falls short. Industry 4.0 aims to
address this gap by providing superior connectivity between machines and people.
Lean Production might serve as a foundation for Assembly 4.0, transversally provid-
ing a framework to analyse and conceptualise the new role of Human operators.
Finally, to evaluate the efficiency of assembly systems, Key Performance Indicators
are commonly used.
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Figure 2.2: Key concepts used for the systematic literature review.

This article is structured in the following manner: Section 2.2 — Materials and
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Methods — describes the methodology used for the review, which focuses on the
6 key concepts related to the issue being addressed. This section also includes a
brief bibliometric analysis of the references used for the analysis. Section 2.3 —
Results — includes the Analysis of Literature, grouped into four main subsections:
(2.3.1) Assembly operations, (2.3.2) Industry 4.0, (2.3.3) Lean, and (2.3.4) People.
Each subsection focuses on one of the questions that this article aims to answer.
Section 2.4 — Discussion — gathers the main conclusions found in the previous

analysis and addresses the main issue stated before.

2.2 Materials and Methods

In order to address the issue introduced in the previous section, and to answer
the aforementioned questions, a systematic literature review was conducted. This
section firstly describes the methodology employed in such review, and secondly
offers a brief bibliometric analysis of the results.

The literature review was carried out in four stages — see Figure 2.3: database

search, screening, eligibility and literature analysis.
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Figure 2.3: Search process and results, adapted from PRISMA [32].

The databases used for the initial stage were SCOPUS (Elsevier) and Web of
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Science, and only included relevant publications belonging to the following fields:
Manufacturing Engineering, Industrial Engineering, Generalist Engineering, Oper-
ations and Management Science. Since the topic under study is the conjunction
of several broad subjects, we decided to conduct a systematic literature review
that specifically targets their intersections. The 6 key concepts that were used are:
Assembly, Mass Customisation, Key Performance Indicator (KPI), Lean Manu-
facturing, Industry 4.0 and Operator. These concepts were chosen for the search
because they are the key ideas in the posed research questions — ‘Key Performance
Indicators’ being used for measuring improvement. The following keywords were
used to perform the database search: (1) Lean: Lean Manufacturing, Lean Pro-
duction; (2) Mass Customisation: Mass Customisation, Mass Customization; (3)
Industry 4.0: Industry 4.0, Industrie 4.0, Smart Factories; (4) KPI: “KPI”, Key
Performance Indicator; (5) Assembly: Assembly; (6) Operator: Operator, People,
Person. The keywords were used for Title, Author Keyword and Keyword Plus
(in WOS); except for KPI, which was also searched for in the Abstract field. From
these 6 key concepts, 15 search groups were defined by intersecting each possible
combination of two concepts, as shown in Table 2.1. Duplicates were removed at
this point, resulting in 1,026 publications identified.

Table 2.1: Search groups created by intersection of each pair of key concepts, and number of
publications found.

Search group Publications Publications ) Publicatio'ns
WOS SCOPUS without duplicates

Assembly & Mass Customisation 58 52 97
Assembly & KPI 20 19 33
Assembly & Lean 81 106 168
Assembly & Industry 4.0 47 10 55
Assembly & Operator 83 196 268
Industry 4.0 & Lean 48 8 55
Industry 4.0 & Operator 33 16 45
Industry 4.0 & Mass Customis. 17 2 19
Industry 4.0 & KPI 11 2 12

Lean & Mass Customisation 14 19 32

Lean & KPI 31 58 74

Lean & Operator 10 33 40
Operator & Mass Customisation 4 15 15
Operator & KPI 13 98 108
Mass Customisation & KPI 4 3 5

The publications resulting from this search were then screened — based on
title, abstract, publication and year — to assess which of them met the inclusion
and exclusion criteria shown in Table 2.2, resulting in 741 records being excluded
and 285 articles being included.

Finally, the 285 articles were reviewed within each one of the 15 search groups
and assessed for eligibility, resulting in 51 articles being excluded because they
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Table 2.2: Eligibility and exclusion criteria.

Inclusion criteria Exclusion criteria

Peer-reviewed publications Book chapters

Recent: published on 2010 or later = Regarding construction, continuous production
(e.g. petrochemical), energy efficiency

Language: publications Regarding mathematical models or algorithms for

in English scheduling, line sequencing, or line balancing

Regarding product design

were not relevant to the key concept being analysed. The resulting 234 articles
were analysed, and the outcome of such analysis can be found in Section 2.3 —
Results.

The number of articles included in the analysis shows an increasing trend over
time, as shown in Figure 2.4. It should be noted that the database search was
performed in June 2020, therefore the results shown in this analysis only include
articles published up until the first half of 2020. It can be seen that the number
of articles related to some key concepts remain constant or grow slightly over time
— Assembly, Mass Customisation and Operator — while others grow significantly —
Lean and KPI. The number of articles related to Industry 4.0 is rising since 2015,
which is consistent with the fact that the term “Industry 4.0” was coined in 2011
[22]. Of the 234 articles included in this review, 54 are conference or proceedings
articles (23%) and 180 are journal articles (77%). The articles were published in a
total of 117 publications; with 18 journals including 50% of the total articles and
83 publications contributing with just one article to this review. This is consistent
with the database search strategy, which looks at the intersections of six different
concepts.

Publications related to each key concept, by year
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Figure 2.4: Publications related to each key concept, by year.
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2.3 Results

This section shows the outcome of the systematic literature review carried out
following the methodology described in the previous section, and that addresses
the issue of improving assembly operations in terms of productivity, flexibility and
quality by using novel digital technologies of Industry 4.0. To look into this ques-
tion, four specific questions were presented in the first section of this article. In
consequence, this section is composed of four parts made of the search key con-
cepts most closely related to each one of the questions, as shown in Figure 2.5.
Firstly, looking into ‘the characteristics and implications of mass customisation for
assembly operations’, the key concepts used are ‘Assembly’ and ‘Mass Custom-
isation’ (2.3.1). Secondly, to identify ‘the new Industry 4.0 technologies, how to
make the most out of them and how to measure the improvement’, the key con-
cepts used are ‘Industry 4.0’ and ‘Key Performance Indicators’ (2.3.2). Then, the
key concept ‘Lean’ is employed to determine whether Lean Production is the best
starting ground for implementing the aforementioned technologies (2.3.3). Finally,
to explore ‘the effect of Industry 4.0 on people in assembly and to find out how
to support them in transitioning to Assembly 4.0, the search key concept used is
‘Operator’ (2.3.4).

IMPROVING ASSEMBLY OPERATIONS’ PRODUCTIVITY, FLEXIBILITY AND QUALITY
BY INTRODUCING INDUSTRY 4.0

Q2: What new Industry 4.0 digital technologies
Q1: What are the characteristics and implications are relevant to assembly operations?
of mass customisation for assembly operations? How to make the most out of them?
How to measure the improvement? /

Search concepts: Search concepts:
ASSEMBLY, MASS CUSTOMISATION INDUSTRY 4.0, KEY PERFORMANCE INDICATOR
(3.1) Assembly Operations for mass (3.2) New digital technology available:
customisation Industry 4.0

Q3: Is Lean Production the best starting ground / Ques ey vl Iy D I el ’"\

for implementing Industry 4.0 assembl| CEES I
b g y Y y How to support people transitioning to Assembly
operations?
4.0?
Search concept: Search concept:
LEAN OPERATOR
(3.3) Keeping the focus on delivering value: Lean (3.4) Focusing on people

Figure 2.5: Research questions, search key concepts and their relationship to the literature review
analysis topics.
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2.3.1 Assembly operations for mass customisation

In order to answer the first question “What are the characteristics and implications
of mass customisation for assembly operations?”, the systematic literature review
publications related to the key concepts ‘Assembly’ and ‘Mass Customisation’ were
analysed. After a brief introduction, the five main topics to be considered will be
presented, as shown in Figure 2.6: Modularity and product clustering; Mixed-model
assembly optimisation; Customer involvement and postponement strategies; The
implications of complexity; and Mass customisation impact on operators. Finally,
the key conclusions will be summarised.

3.1 ASSEMBLY & MASS CUSTOMISATION

Q1: What are the characteristics and implications of mass customisation for assembly operations?

Assembly operations for mass customisation

Key aspects:

N \/Customerinvolvement\

Modularity & Product || Mixed-model assembly
. o and postponement
clustering I optimisation I strategies
J\ AN g
/~ ™ ™
The implications of ‘ Mass customisation
‘ complexity impact on operators

\ AN J

Conclusions:

e Mass customisation brings complexity that needs to be addressed at multiple levels
and from a holistic point of view.

e Assembly complexity reaches outside the boundaries of assembly operations and
needs to be considered jointly with supply chain, quality, maintenance and IT/IS.

e Industry 4.0 digital technologies have a critical role to play in enabling mass
customisation assembly systems that do not compromise on quality and cost.

Figure 2.6: Key aspects of assembly operations for mass customisation and main conclusions of
the analysis.

Introducing assembly operations for mass customisation

Mass Customisation demand is characterised by a combination of high variety,
shorter product life cycles, and variable production volumes (medium or high for
platform products, very low for personalised products); compared to Industry 2.0’s
Stable Market and Industry 3.0’s Volatile Market — in terms of product volume,
product variety and delivery time. In this new context, Toyota Production Sys-
tems (TPS) may prove limited, and its advantages and disadvantages with regards
to seru have been analysed by Yin et al. al. [2]. The usage of new key digital
technologies will bring forward the 4th Industrial Revolution (Industry 4.0), ad-
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dressing many of the challenges of production systems for mass customisation [2,
33]. However, looking at isolated systems may not be enough, since increased com-
plexity requires a holistic approach to respond successfully and cost effectively to
shifting market demands [34]. Assembly is the final process to create a product,
where component sub-assemblies come together into the final product. Demand
driven increasing product variety adds complexity, production cost and lead time
to Assembly Operations, which goes against its goals. In the mass-customisation
landscape, key assembly topics need to be reviewed, evaluated and adapted [13]:
assembly representation and sequencing, especially non-sequential assembly; as-
sembly system design — considering line balancing, delayed product differentiation
and performance evaluation; assembly system operations —with a focus on exploring
reconfigurable assembly planning, mixed-model assembly scheduling, and dealing
with complexity resulting from different sources; and the changing role of human
operators.

In conclusion, mass customisation brings increased complexity that needs to
be addressed at multiple levels and taking a holistic point of view to ensure that
optimising a sub-system does not affect negatively another sub-system.

Modularity and product clustering

In order to flexibly assemble many different product variants using the same re-
sources (such as people, equipment, management systems) to keep manufacturing
costs down and productivity high. FEfficient grouping products into clusters or
families is of paramount importance. The variables selected for clustering will
depend on the Assembly Operation objectives, for instance: quality and cost to de-
termine product family design [35]; product variety to determine assembly system
layout [36]; assembly and disassembly for configuring product variants [37]; pro-
cedure, equipment and parts [38]; or involving worker’s perspective for actual ease
of assembly [39]. Modular production systems would also benefit from automated
planning based on individual products CAD files [40].

In conclusion, product clustering, modularisation, reconfigurable assembly
systems and delayed product differentiation are valuable tools to maintain compet-
itive assembly in a mass customisation context.

Mixed-model assembly optimisation

Another area affecting greatly the efficiency of assembly lines is its sequencing and
balancing. Similarly to clustering and modularisation, different approaches are
used depending on the focused goals of the optimisation: cooperative sequencing or
workstation analysis for assembly material consumption waviness, setup time and
lead time [41, 42]; multi-agent systems analysis for reducing the negative impact
of material handling complexity [43]; monitoring manufacturing complexity for
workload balancing [44]. New approaches have been also developed to optimise
assembly line sequencing [45, 46].



2.3. Results 23

In conclusion, mixed-model assembly is needed to deal with mass custom-
isation while remaining competitive, since it allows to address various operational

goals depending on the business needs.

Customer involvement and postponement strategies

Mass customisation may be leading towards mass personalisation, where individual
products made to match the exact preferences of each customer are produced in
large numbers [28]. Integrating the customer in the design phase could be done us-
ing web-based platforms [47]; while Industry 4.0’s Cyber Physical Systems (CPS)
and a tailored assembly architecture would enable efficient mass personalisation
[48]. An alternative strategy is Postponement, which could help with dealing with
high assembly complexity [49]. However, it requires designing the assembly line
layout for delayed product differentiation [50, 51], and would benefit from recon-
figurable assembly stations [52].

In conclusion, assembly operations need to consider the increasing expect-
ations of mass customisation heading towards mass personalisation. In order to
adapt to it, Industry 4.0 Cyber Physical Systems could be used to develop re-
configurable assembly stations that can deal with high assembly complexity while
maintaining high productivity.

The implications of complexity

Mass customisation brings a great deal of complexity to assembly operations, which
affect key elements of the system as well as other nearby areas, such as Quality,
Supply Chain or Maintenance. Assembly complexity has can been evaluated from
different perspectives: number of product variants [53], induced task differences [54]
or product configuration [55]. Complexity has a negative effect on quality, which
could be minimised by using cognitive automation [56]. The increasing number
of product features to be controlled makes necessary new advanced quality man-
agement systems [57]. Supply chain implications of mass customisation assembly
range from assembly line feeding problems [58] and modularity-specific issues [59]
to assembly supply chain configuration [60] and whole manufacturing networks [61].
Using Automated Guided Vehicles (AGVs) can be used efficiently to feed mixed-
model assembly lines [62, 63]. Maintenance resources allocation also needs to be
prioritised to minimise the negative effects of increased complexity [64].

In conclusion, assembly complexity reaches outside the boundaries of as-
sembly operations and needs to be considered jointly with supply chain, quality,
maintenance and IT/IS.

Mass customisation impacts operators

Fully automated assembly systems bring increased productivity for high-volume
production, but lack the flexibility and adaptability of human operators. People
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are better equipped for assembly tasks with small and frequent variations, but their
potential for higher productivity is limited. In a context of market demand charac-
terised by mass customisation which heads towards mass personalised production,
reconfigurable assembly systems that incorporate both machines and people can
lead to cost effective systems that are flexible and scalable [13]. Automation needs
to consider both physical and cognitive abilities of the human operators it supports
[65].

In order to improve the yield of assembly operations, providing support to
human workers is necessary. Augmented Reality (AR) could be used, reducing
the number of engineering/production management resources needed to provide
assembly operators with cognitive support to perform their tasks [66, 67]; as well
as cognitive/ handling skills transfer systems [68], self-adapting automatic Quality
Control [69] or cognitive automation strategies [70]. Automation needs to ensure
human safety, which led to research on Human-Robot Collaboration (HRC) plan
recognition and trajectory prediction [71], and the concept of “safety bubble” [72].
When employing novel digital technologies for enhancing assembly systems per-
formance, one cannot underestimate the strategic importance of IT/IS systems
[73].

In conclusion, in a context of market demand characterised by mass custom-
isation which heads towards mass personalised production, reconfigurable assembly
systems that incorporate both machines and people can lead to cost effective sys-
tems that are flexible and scalable. Industry 4.0 digital technologies have a critical
role to play in making possible mass customisation assembly systems that do not
compromise on quality and cost, and that do not achieve increased performance by
affecting human operators negatively.

Assembly and mass customisation: conclusions

In a context of market demand characterised by mass customisation which heads
towards mass personalised production, the increased complexity reaches the bound-
aries of assembly operations and needs to be considered jointly with other areas
(e.g. supply chain, quality, maintenance, IT/IS) and taking a holistic point of view
to ensure that optimising a sub-system does not affect others negatively. To main-
tain assembly operations competitive despite the increased complexity, product
clustering, modularisation, delayed product differentiation, mixed-model assembly,
and reconfigurable assembly systems are valuable tools. Reconfigurable assembly
systems in which human operators work effectively alongside machines or robots,
made possible with Cyber Physical Systems, can lead to cost effective systems that
are flexible and scalable. It seems clear that Industry 4.0 digital technologies have
a critical role to play in making possible mass customisation assembly systems.
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2.3.2 New digital technology available: Industry 4.0

In order to answer the previously presented questions “What new Industry 4.0 di-
gital technologies are relevant to assembly operations?”, “How to make the most
out of them?” and “How to measure the improvement?”; the systematic literature
review publications related to the key concepts ‘Industry 4.0’ and ‘Key Perform-
ance Indicators’ were analysed. After a brief introduction on Industry 4.0 (I4.0),
the eight main topics to be considered will be presented, as shown in Figure 2.7:
14.0 technology for improving processes and decisions; 14.0 technology for mass
customisation; 14.0 technology for supporting human operators; 14.0 for mass cus-
tomisation; Key Performance Indicators for assembly; Key Performance Indicators
for 14.0; and Small and Medium Enterprises (SMEs) in the 14.0 era. Finally, the
key conclusions will be summarised.

3.2 INDUSTRY 4.0 & KEY PERFORMANCE INDICATORS

Q2: What new Industry 4.0 digital technologies are relevant to assembly operations?
How to measure the improvement? How to make the most out of them?

New technology available: Industry 4.0

Key aspects:

( 14.0 technology for ‘ k 14.0 technology for \ 14.0 technology for \

improving processes and gathering information supporting human
\ decisions bout human operators operators )
NS perators J\_ P J
‘ N
14.0 for mass Key Performance
\ customisation || Indicators for Assembly
o
Key Performance | ‘ Small and Medium
\ Indicators for 14.0 Enterprises in the 14.0 era
N

Conclusions:

e Many new technologies can be applied to final assembly : the Internet of Things, Big
data and Digital Twins for improving processes and decisions as well as for gathering
data and obtaining valuable information; Cyber-Physical Systems and Augmented/
Virtual Reality for measuring human operator performance and supporting human
operators’ work; and a mix of technologies to support different aspects that enable
mass customisation.

e Assembly operations are likely to experiment an evolution rather than a revolution
by gradually incorporating these technologies.

e To evaluate the performance of assembly systems, a KPI system is employed.
Standard KPIs need to be adapted in order to include both traditional metrics and
new indicators that are specific to the products, operations, stakeholders, business
goals and IT-related aspects of the smart factory.

e Despite the wealth in literature about what new technology can do, few relate to
methodologies to assess the operational needs and opportunities in final assembly,
and then finding or developing an Industry 4.0 solution to them.

Figure 2.7: Key aspects of Industry 4.0 technologies for assembly operations and Key Performance
Indicators (KPIs), and main conclusions of the analysis.
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Introducing “Assembly 4.0”

According to Yin et al., industrial revolutions are related to distinct technologies,
market demands and production systems. The 4th industrial revolution differs
from industry 1.0 - 3.0 because it is expected to happen in the near future, as
opposed of the previous three. The deep and intertwined changes in available
technology and market demand paradigms create new possibilities; however, the
industry 4.0 production systems are expected to be an evolution from the previously
existing systems (characterised by seru, flow lines, Toyota Production System or
TPS, job shops, cellular manufacturing and Flexible Manufacturing Systems or
FMS) enhanced by the novel digital technologies [2].

Bortolini et al. investigated in [23] the impact of the 4th industrial revolu-
tion on assembly systems design. The dimensions to consider are six: balancing,
sequencing, material feeding, ergonomic risk, equipment selection and learning ef-
fect. The evolution of the industrial environment in European countries leads to
an aging workforce, re-shoring of production facilities and more efficient and dis-
tributed communication networks. In this environment, nine are the enabling tech-
nologies of Industry 4.0 that have the most potential to affect assembly systems:
Big Data, IoT, real-time optimisation, cloud computing, cyber physical systems,
machine learning, augmented reality, cobots and additive manufacturing. The in-
tegration of these technologies in the design and management of assembly processes
leads to what Bortolini et al. define as “AS40”: Assembly Systems 4.0. The main
characteristics of AS40 are assembly control systems, aided assembly, intelligent
storage management, late customisation, product & process traceability and self-
configured workstation layout [23].

Cohen et al. looked into how assembly system configuration would be af-
fected by Industry 4.0 principles, understood as four incremental stages or steps to
achieve the 4th revolution: connectivity, information, knowledge and smart, which
involves “predictive and automated decision making processes, with possible self-
adjustments and reconfiguration of the production system”. The new paradigm
would reduce the costs of assembly automation; reduce setup costs and learning
curves; enable the assembly of small quantities of large products in flow lines; en-
able the assembly of very different products in the same system; better traceability
of failures and defects; and smarter material handling. In the last stage of Industry
4.0 (smart), assembly systems would be Self-Adapting Smart Systems (SSAS),
and together with continuous support to operators (OSS), flexibility, agility and
productivity would be greatly increased [74].

According to Cohen et al. in [24], the main goal of flexible assembly systems
in the Industry 4.0 era is to address the mass customisation demand paradigm.
At this moment, operational, tactical and strategical issues remain unsolved for
implementing “Assembly 4.0”. A key aspect is the social effect of Assembly 4.0:
the assembly workforce is expected to shrink — at least, in Western countries- but
additional technological job positions will appear, partially offsetting the operator
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reduction. The workforce would experiment a net decrease, thus increasing the
productivity per employee. Therefore, the role of people in A4.0 will be increas-
ingly important, which calls for future research that considers human operator back
at the centre of the production systems of the future [24]. When looking ahead
in the evolution of assembly systems into the 4th Industrial revolution, Cohen et
al. identify challenges when integrating new and existing technologies: uncertainty
on the synergies of the 14.0 key enabling technologies; the human-automation col-
laboration; incorporating Artificial Intelligence into assembly systems; and finding,
developing and keeping the Assembly 4.0 human specialists. On top of the tech-
nical knowledge, Industry 4.0 operators will need a new set of non-technical skills,
so education centres and companies will need to work together to meet this demand
[11].

Developing an Assembly 4.0 system in a controlled environment, such as a
Learning Factory, allows to better understand the complexity of such system. The
drone factory developed by Fast-Berglund et al. “focuses on the interaction and
cooperation between humans and cobots to create collaborative applications in
final assembly tasks”. It was built with operator involvement form the start, and
it incorporates a modular and event-driven IT architecture that creates a digital
twin of both product and production system, allowing automated planning and
preparation of operations [75].

Facing a mass customisation demand, late customisation is a strategy allowing
customers to make changes to their orders even when the production has started.
Industry 4.0 digital technologies bring additional tools for developing an assembly
system able to cope with resequencing the production process [45]. Identifying
information and data needs is a key step in the design of smart assembly factories, to
ensure that the increased complexity associated to addressing mass customisation
production can be managed by the human operators [76]. Additionally, strategies
for improving the use of IT/IS systems in assembly need to consider the whole
digital strategy of the organisation [73]. Optimising the design of any Industry
4.0-enabled system at early stages is critical for SMEs in the manufacturing sector.
Axiomatic design and Acclaro software has proven useful [77].

The analysis of literature allowed organise Industry 4.0 technologies in four
main categories depending on their goals in assembly operations: improving pro-
cesses and decisions, gathering information on human operators, supporting people
in assembly, and enabling mass customisation. Table 2.3 summarises the references
of technologies employed for each goal.

Industry 4.0 technologies for improving processes and decisions

Novel Industry 4.0 technologies can be used to improve processes and gather mean-
ingful data which allows better informed decisions. Big Data can be used to max-
imise yield and machine uptime in precision assembly processes, by detecting long
term errors and enabling predictive maintenance [78]. Sensors from across the



28 Chapter 2. State of the Art

Table 2.3: Technologies of Industry 4.0 by usage.

Industry 4.0 Improving . Gathet:ing Supporti'ng Enabling mass
technologies?® processes information on people in customisation
& decisions human operators assembly

Big Data [78] [79]

IoT [80-83] [84] [85] [86]
Real-time [87] [88] [45]
optimisation

Cloud computing [89]
Cyber-Physical [90, 91] [86]
Systems

Augmented,/ [92-101] [102]
Virtual Reality

Additive [102, 103]
manufacturing

Digital Twin [104-106] [88]

Other [107, 108] [70, 109-111]

! Industry 4.0 Key Enabling Technologies based on [23].

shop-floor can be used in conjunction with an IT/IS service to provide critical in-
formation about the processes in the white goods industry [61][80]. RFID can be
used to track assembly execution and then to derive guidelines for smart assembly
line development [81] and Web based system (saas) to control smart internal lo-
gistics using mobile robots [87]. Motion Analysis System (MAS) to monitor and
evaluate manual production processes [82, 112]. The Human Factor Analyser is
a software/hardware architecture that can be used for manual work motion and
time measurement employing depth cameras and automatic data processing aim-
ing to evaluate work performance quantitatively [83]. Digital Twin of assembly
processes can be used to analyse the efficiency of the line [104]; and it would also
enable product-centric assembly [105]. Festo’s Cyber Physical Factory can be used
to implement an Industry 4.0 Digital Twin framework [106].

Industry 4.0 technologies for gathering information on human operators

Industry 4.0 technologies allow new ways of gathering information about human
assembly operators that are less intrusive, more accurate or more capable than
previously existing techniques: Mattson et al. propose a method of measuring the
wellbeing and performance of operators at assembly stations [107]. Krugh et al.
measure human-machine interaction using the Internet of Things (IoT) to under-
stand the impact of people on Industry 4.0 assembly systems [84]. Eye tracking
can be used to analyse the user experience of engineering design & manufacturing
[108]. A theoretical human-centred framework for Operator 4.0 using Digital Twin
based simulation and real-time human data capture can be used to provide insights
on operator ergonomics and mental workload [88].
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Industry 4.0 technologies for supporting people in assembly

Cyber-Physical Systems (CPS) for improving operator ergonomics [90]; vision sys-
tems for measuring and providing feedback on operator performance [109]; cognitive
assistance for rework area [110]; strategies for cognitive automation that allow op-
erators to deal with increased complexity [70]; Augmented Reality (AR) to assist
manual assembly [92]; operator training using digital assistance [111]; training us-
ing Virtual Reality & process mining allowing to replace traditional inter-personal
demonstration and repetition [94] and real-time interface using data from many
devices and an algorithm allowing manual assembly operators to deal with requests
and report faults [85].

Industry 4.0 technologies for mass customisation

Manufacturing flexibility is a strategic orientation for high-wage countries, and In-
dustry 4.0 technologies bring solid benefits to Operations Management, especially
in terms of technology management and Just-In-Time (JIT) production [113]. One
technology in particular — Additive Manufacturing, can break the flexibility vs cost
trade-off which most industrially developed countries face [103]. Compared to the
volatile market of Industry 3.0, characterised by product variety, the smart mar-
ket of industry 4.0 involves customer participation in individual customisation of
products [2]. Industry 4.0 KET enable mass personalisation through short product
development cycles [102] and individual customers’ input [18, 86]. Rossit et al.
propose an approach based on tolerance planning strategies and re-sequencing cap-
abilities to allow changes to the product to be made even after production has
started [45]; while Chung et al. envisage a dynamic supply chain design for con-
nected factories through cloud-based information systems as a way to achieve mass
personalisation [89].

In conclusion, Industry 4.0 not only offers new alternatives for cost-competitive
mass customisation but also opens the door to mass personalisation, where the cus-
tomer is involved in individual customisation of the product.

Key Performance Indicators for assembly

Key Performance Indicators (KPIs) are employed widely to assess the outcome
of assembly systems. New concepts for novel assembly systems need to use KPIs
to evaluate their potential performance. In most cases, traditional KPIs are used
[114]: cost (investment, labour), quality (first pass yield, final yield) [115-117],
throughput time, quantity and lot size; inventory costs [118], line productivity
(e.g. OEE — Overall Equipment Effectiveness) [119], energy consumption, cycle
time and service level [120, 121].

Integrating KPIs that link design, production and quality goals through the
product & process development has proven useful to limit late engineering changes
which delay the assembly system development [122]. A combination of economic
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and structural KPIs can be used to evaluate the adaptability of Reconfigurable
Manufacturing Systems [123]. Yang et al. propose that KPI selection for the smart
automation of manufacturing systems needs to be company and location specific,
and that the KPIs variation and sensitivity to the introduction of new Industry 4.0
technology needs to be a key driver for developing a strategy for smart assembly
automation [124]. For evaluating the performance of Line-less Mobile Assembly
Systems (LMAS), Hiittemann et al. developed a set of 11 specific KPIs, 6 of which
are adapted from conventional KPIs to account for the wide variety of products
being made in the assembly system, and 5 are specific to LMAS (e.g. overall
travelled distance, number of station configuration reconfigurations) [125].

In conclusion, to evaluate assembly systems, standard KPIs need to be ad-
apted in order to include both traditional metrics (e.g. cost, quality, through-
put, inventory, lead time, productivity) and new indicators that are specific to the
products, operations context and business goals.

Key Performance Indicators for Industry 4.0

Manufacturing flexibility is a strategic orientation for high-wage countries, and In-
dustry 4.0 Key Enabling Performance measurement is a necessary management tool
in any factory transformation. Traditional KPIs are valid to evaluate the impact of
Industry 4.0 on production systems. However, new I'T-related KPI classes will be
required to assess Data management (e.g. IT efficiency, Availability of IT, Correct-
ness of data, Completeness of data), Transparency & connectivity (e.g. Degree of
interconnectivity, Digital coverage, Proportion of virtually controllable resources),
and Product management [126]. Industry 4.0 technologies bring the possibility of
using IoT devices to gather real-time data from an immense number of devices in
real time, enabling rapid responses to changing conditions [127]. KPIs for smart
factories need to be reliable and targeting the right goals to support Operational
objectives. Therefore, correctly identifying the smart factory stakeholders and un-
derstanding their requirements is crucial [128]. Transforming a traditional factory
—using legacy machines— into a smart factory is possible without buying expensive
new machines, employing a continuous improvement approach, the IoT as enabling
technology and establishing visible KPIs from the beginning so that the path to
Industry 4.0 is clear to all stakeholders [129]. The increased network complexity
and data traffic increases the probabilities of IoT failure. To address this, a data
anomaly response model was proposed by Hwang et al. [130]. The changes brought
by Industry 4.0 could affect people greatly. To make this impact on people more
visible, human-centric KPIs have been proposed [131].

In conclusion, traditional and new IT-related KPIs classes (e.g. Data man-
agement, Transparency and connectivity, Product management) would be used to
assess and control the impact of Industry 4.0 on production systems. Identify-
ing the smart factory stakeholders and their requirements is critical for obtaining
meaningful KPIs. The Internet of Things is the Key Enabling Technology that
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allows gathering data from multiple sources to produce real-time KPIs that allow
rapid responses to fast changes in the smart factories.

Small and Medium Enterprises in the Industry 4.0 era

Although large corporations are more likely to benefit from adopting Industry 4.0
technologies, Small and Medium Enterprises (SMEs) could also obtain a compet-
itive edge from lean-digital manufacturing systems [132]; for example, improving
the communication between shop-floor and the top-floor [133]. SMEs have differ-
ent needs and requirements, which should be taken into account when designing
smart manufacturing systems [134]. SMEs have started their digitalisation jour-
ney, but further Industry 4.0 developments need to align with the particularities
of SMEs, and their organisational structures need to fully embrace and support
digitalisation in order to benefit from its implementation [135]. Fast-berglund et
al. looked at 40 SME and 8 OEMs in order to establish collaborative robot (co-
bots) implementation strategies and to determine what KPIs to use for this cases
[136]. The increasing penetration of intelligent machines to work alongside people
and the benefits of agile production will turn SME operators into ‘Makers’, skilled
workers whose main activities are no longer assisting or monitoring machines but
creative tasks involving a wealth of information, alternatives, criteria and possible
solutions [137].

In conclusion, Small and Medium Enterprises (SMEs) operators will be af-
fected differently by 14.0 compared to corporate workers; but it is clear that 14.0
can bring competitive benefits for SMEs.

Assembly 4.0: conclusions

The 4th Industrial revolution demand paradigm means mass customisation of
products, made possible by new digital technology. Conversely, production systems
are most likely to experiment an evolution rather than a revolutionary change. Two
key areas will be subject to change: the role of people in assembly operations —
especially in terms of responsibility and skills; and the possibility of automated or
hybrid assembly for low-volume production, including multi-mixed model assembly.

To evaluate the performance of assembly systems, standard KPIs need to be
adapted in order to include both traditional metrics (e.g. cost, quality, throughput,
inventory, lead time, productivity) and new indicators that are specific to the
products, operations, stakeholders and business goals. The Internet of Things
is the Key Enabling Technology that allows gathering data from multiple sources
to produce real-time KPIs that allow rapid responses to fast changes in the smart
factories. The smart factory will need to consider also IT-related KPIs to ensure
its smooth computer-dependant operations.

There are plenty of examples of new possibilities due to novel technologies
applied to final assembly: improving processes, gathering data and obtaining valu-
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able information, measuring human operator performance and supporting human
operators’ work. However, research articles mostly focus on what the new techno-
logy can do, but few relate to following a methodology to assess the operational
needs or opportunities in final assembly and finding or developing an Industry 4.0
solution to them.

In order to ensure that the solutions enabled by Industry 4.0 technologies are
aimed in the right direction, it is important to keep the focus on Adding Value.

2.3.3 Focusing on delivering value: Lean

In order to answer the third question “Is Lean Production the best starting ground
for implementing Industry 4.0 assembly operations?”, the systematic literature re-
view publications related to the key concept ‘Lean’ were analysed. After a brief
introduction, the 9 main topics to be considered will be presented, as shown in
Figure 2.8: Lean tools for assembly operations; Internal logistics; Ergonomics; As-
sembly operations layout; Teaching Lean; Evaluating performance; Lean and In-
dustry 4.0 interaction; Lean tools for Industry 4.0; and Lean management. Finally,
the key conclusions will be summarised.

Introducing Lean in the era of Industry 4.0

According to Yin et al., one key characteristic of the Industry 3.0 market —product
variety— changed is to change in the Industry 4.0 era to mass customisation (cus-
tomer participate in individual customisation). However, the existing production
systems will not change in a great way, as Flow lines, Lean Production, cells and
Flexible Manufacturing Systems remain up to date when facing Mass Customisa-
tion [2]. On the other hand, Stump et al. propose that despite the fact that Lean
Production can be applied easily to manufacturing situations with low levels of
customisation (i.e. product variety, Yin’s Industry 3.0 market conditions) but in-
creasing levels of customisation make difficult to directly apply Lean principles of
establishing flow and keeping low inventory levels [138].

Gunasekaran et al.’s review concludes that Agile manufacturing (which shares
with Lean its focus on product value as defined by the customer) is key for sustain-
able competitive advantages; and identifies five enabling competencies that need
to be deployed jointly to achieve its goals: transparent customisation, agile supply
chains, intelligent automation, total employee empowerment and technology integ-
ration [139]. To cope with mass customisation with Lean objectives of continuous
mixed-model flow, Chatzopoulos presented an production system design algorithm
that employs production modules connected by Kanban [140].

Lean Production tools for assembly operations

Lean Manufacturing offers an array of tools and techniques to deal with increasing
demand complexity and variability which could benefit assembly operations in a
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3.3. LEAN

Q3: Is Lean Production the best starting ground for implementing Industry 4.0 assembly operations?

Keeping the focus on delivering value: Lean
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Conclusions:

e Lean Manufacturing offers an array of tools and techniques to deal with the
increasing demand complexity and variability, and which could benefit assembly
operations in a context of mass customisation: SMED, kaizen events, simulation,
standardised work, value stream management.

e While most authors consider Lean Manufacturing as a valid approach for increased
complexity of Mass Customisation, others claim that Lean cannot be applied
straightforwardly in the Industry 4.0 era (1 out of 12 articles).

e Lean clearly has a positive synergy with Industry 4.0 because new technologies can
enhance Lean assembly, and Lean maturity supports the implementation of new
technology. However, Lean might not be necessarily the best possible starting
ground for smart assembly in every situation, and it is not a prerequisite for
implementing Industry 4.0.

e Both Industry 4.0 and Lean consider that people have a central role to play in
assembly operations.

Figure 2.8: Key aspects of Lean assembly for Industry 4.0, and main conclusions of the analysis.

context of mass customisation. Although Lean, a generalisation of the Toyota Pro-
duction System (TPS), originated in the automotive industry, it has expanded to
many other manufacturing sectors - e.g. aeronautical, which demand characteristics
are not similar to automotive [141]. One classic Lean tool is SMED (Single Minute
Exchange of Die), which is still a trending topic according to a recent review [142].
Looking at balancing manual assembly lines with high number of product variants
(mixed model assembly), kaizen events and complexity reduction have proven use-
ful since they fill the gap between mathematical balancing models developed by
academia, and actual techniques used in industry [143]. Mixed-model assembly
lines throughput rate can be increased by using Lean in conjunction with simu-
lation [144]. To increase productivity and reduce the necessary shop floor space,
continuous flow can be achieved through the use of Standardised Work, U-shape
assembly lines and material handling systems [145]. Continuous improvement tools
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can be applied to increase throughput and reduce buffer capacity [146]. To address
the increasing complexity of Standardised Work (SW) for mixed-model assembly,
a reconfigurable approach to SW sheets and Control and Fabrication Instructions
has proven useful [147]. Value Stream Mapping (VSM), another classic Lean tool,
has been evolved into Value Stream Management at the University of Luxembourg
Lean Manufacturing Laboratory [148]. A different approach to VSM is combin-
ing electronic-VSM with simulation, resulting in reduced lead times and non-value
add activities [149]. Three new methods were proposed to identify non-obvious
constraints of mature production process, where traditional Theory of Constraints
methods fall short [150].

In conclusion, research on the application of Lean techniques and tools for
assembly operations is still an open topic. The digitalisation of some of the tools,
such as Value Stream Mapping, has shown some success.

Internal logistics

A key adjacent area to Lean assembly operations is Logistics, which makes the
necessary components or materials available for assembly at the right time with
minimum waste. Lean supply chain uses 6 classic KPIs: lead time, costs, invent-
ory level, delivery service level and quality [118]. To increase the assembly line’s
value-add time and ergonomics, and to reduce waste and necessary space, using
plastic containers instead of cardboard has been found an interesting option [151].
Looking in to minimising Work in Progress stock (WIP) and the required number
of assembly operators, pre-kitting offers advantages as well as challenges [152, 153].
Usta et al. propose a methodology for assessing the best design for part feeding
system for lean assembly, considering that the problems of pure kitting could be
countered by hybrid systems (human & machine) [154]. Yamazaki et al. present
a design method to reduce the cost of flexible automation of material handling
systems [155]. In-house logistics for lean assembly require evaluating and selecting
from different transportation alternatives in order to feed part supermarkets [156].

In conclusion, internal logistics are tightly associated to assembly, and there-
fore both should be analysed together since changes to one will affect the other as
well.

Ergonomics

Lean production’s (LP) impact on ergonomics and psychosocial risks have been
studied for decades, and the focus of the studies has varied over time, with a
current view that considers that management style can make LP effects either
negative or positive [157]. Da Silva et al. develop an index to assess the LP’s
assembly cell work in terms of ergonomics and psychophysical demand [158]. The
impact of line and assembly cells on breaks and worker’s health has been assessed,
finding that assembly cells tend to have higher Cycle Times, which increase the
physicality of the work; while assembly lines posed no risks [159]. A different



2.3. Results 35

approach to evaluating the impact of LP on ergonomics is utilising simulation: (1)
for analysing the effect of physical overload on assembly line performance, finding
that Cycle Times too close to TAKT (i.e. low catch back time) leads to operator
overload, which means absenteeism and low productivity in the long term [160]; (2)
or for designing efficient hybrid assembly lines that are ergonomically safe [161].

In conclusion, Lean production can affect ergonomics negatively depending
on management style.

Assembly operations layout

A key aspect of Lean assembly operations is the production layout. Classic Lean
assembly is done in assembly lines or assembly cells. Assembly cells offer various
advantages with regards to assembly lines; and a methodology for reconfiguring an
assembly line into a cell is proposed by Carmo-Silva et al. [162]. The efficiency of
Lean manufacturing production systems can be better analysed when considering
assembly as a macro-activity instead of a series of stations; and the wastes iden-
tification is fine-tuned to assembly operations [163]. Lean assembly lines typically
use Kanban to pull production and create material flow. In his paper, Savino et al.
propose a method for using semi-automated parts feeding in O-shaped assembly
lines [164].

Yin et al. analysed in [165] the similarities and differences between Lean
Assembly (lines and cells), agile manufacturing (Quick Response Manufacturing,
QRM) and seru manufacturing. They found, based on two key industrial cases
(Canon and Sony), that a production system that focuses primarily on responding
to quick changes in demand and product instead of prioritising waste reduction (i.e.
Lean Production) can be very competitive in high-cost environments. As a result,
of this priority, seru focuses on “reconfigurability, resource completeness within
cells, worker responsibility and buffering as needed to accommodate dimensions of
demand variability”. However, the applicability of seru assembly systems outside
of high-cost, high variability, high innovation, short product development cycles
remains to be seen [165].

In conclusion, Lean Production systems typically employ assembly lines or
cells layouts to establish pull and create material flow. For certain context involving
high-cost, high-variability, short product development cycles, seru assembly sys-
tems are particularly competitive because they are focused on adaptability.

Teaching Lean for assembly operations: Learning Factories

Since operator engagement is at the core of Lean Production, Lean assembly fo-
cused training has been explored over the past decades. Academia-driven teaching
methods have not always been adequately adapted for non-students. Recreating
industrially relevant environments for teaching Lean at Learning Factories aim to
bridge this gap [166]. Lean techniques themselves have been used to design a



36 Chapter 2. State of the Art

Learning Factory, using a manual assembly line as starting point, and employing
theoretical knowledge as well as industrial experience for evolving the line into a
Learning Factory [167].

Learning factories are incorporating Industry 4.0 technologies to their edu-
cation & research facilities, focusing on dealing with complexity [168], intelligent
logistics [169] or intelligent manufacturing in full-scale simulations [170]. Virtual
Reality (VR) and Augmented Reality (AR) can be used to enhance the student’s
experience when learning Lean Manufacturing. Using VR for training and AR for
visualising the assembly instructions improved the lessons [171].

In conclusion, Lean Learning Factories need to mimic real-life scenarios to
become useful for non-academic learners with industrial backgrounds, such as as-
sembly operators. Industry 4.0 technologies could be used to enhance the training

environment of Learning Factories.

Evaluating performance from a Lean perspective

Lanza et al. propose a simulation-based method for assessing the performance im-
provement of production systems due to Lean techniques. As Key Performance
Indicators (KPIs), either direct measures or monetary equivalents are used to com-
pare initial vs future scenarios. To relate cost-savings over time, cost-time profile
charts can be employed [172]. Complex coefficient KPIs derived from delivery date
and balanced production can be used to assess small-batch mixed-model schedul-
ing models better than simple KPIs, although the potential use of such KPIs in to
manage real operations is reduced [46]. Multi-criteria KPIs can be used not only
for management and control of operations but at earlier stages of flow planning
projects [173]|. For practical results, leading indicators are preferred over lagging
KPIs [174] so Cyber-Physical Systems (CPS) which lead to intra-logistics evalu-
ation tools that use a wealth of data collected automatically, could be preferred
over relying on human input [175].

Evaluating the operational performance of Lean organisations can be done us-
ing tree-like KPI structures [176] or integrated performance assessment frameworks
[177, 178]. Cortes et al. proposed a “Lean & SixSigma Framework” [179] to eval-
uate leanness in order to justify future investment — in a similar fashion to Lanza
et al’s [172], and focus on a methodology for a solid KPI definition that allows
and enables strategic-operational alignment. Kovacs et al. studied the relationship
between lean maturity, operational performance and investment; and concluded
that implementing and sustaining Lean practices pays off because new technology
cannot improve performance if the processes are not under control in the first place
[180].

In conclusion, KPIs and performance assessment frameworks are used to
measure the effects of changes in Lean production systems. Establishing a set of
KPIs needs to take into account multiple stakeholders and to align the strategic
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and operational goals of the organisation. Simulations and case studies show the
beneficial effects of lean methods, and allow to estimate the economic return of
investment of Lean management decisions.

The interaction between Lean Production and Industry 4.0

Lean production is a key characteristic of the 3rd industrial revolution production
systems. While other aspects have evolved (e.g. technology, from computers to
smart digital devices) or radically changed (e.g. market focus from variety and
lead time to customisation and personalisation), Lean is still up to date in the
era of Industry 4.0 [2]. Moreover, the relationship between Lean and Industry 4.0
technologies is catching increasing attention from academia in the last decade [181].

The question posed by Mrugalska et al. [182] has been addressed by many
authors, both theoretically and analysing use cases across many countries: “Can
Lean and Industry 4.0 coexist and support each other, and if so, how?” There are
four main lines of thought when answering this question: (1) Lean techniques and
Industry 4.0 technologies interact in a positive way, and there are many cases to
illustrate this [30, 31, 183, 184]; (2) Lean facilitates the change towards Industry
4.0 [185, 186]; (3) Industry 4.0 supports Lean, i.e. makes the factory Lean [187-
191]; (4) although Lean and Industry 4.0 aim for the same goals, their approach is
essentially different regarding digital technology [192].

Five articles looked at answering Mrugalska et al.’s question [182] by surveying
the industrial reality of different countries, all of them finding positive interactions
between Lean and Industry 4.0 technologies. Dombrowski et al. analysed 260 in-
dustrial companies in Germany, and found Lean as an enabler of Industry 4.0 [186].
Tortorella et al. looked into 110 user cases in Brazil, and found a positive Lean-
Industry 4.0 correlation, as well as increased benefits of new digital technologies
where Lean was also present [193]. Rossini et al. analysed 108 cases of European
manufacturers, concluding that Lean allows achieving higher levels of Industry 4.0,
while lacking Lean production techniques makes it more difficult to change towards
Industry 4.0 [194]. Chiarini et al. investigated 200 cases in Italy, and found that
most strategic operational areas benefit from implementing Industry 4.0, such as
design-to-cost, supply chain integration or machinery-electronics-database integra-
tion [195]. Lorenz et al. analysed user cases in Switzerland, and found that Lean
maturity allows greater performance improvements from implementing Industry

4.0 [196].

In conclusion, there is a wealth of evidence showing that Lean Manufacturing
is a valid approach to improve assembly operation in a context of mass customisa-
tion, and that Lean and Industry 4.0 can benefit from synergies because each one
enhances the other. However, according to some authors [192], Industry 4.0 and
Lean have essentially different approaches regarding the role digital technologies
should have.



38 Chapter 2. State of the Art

While some authors deem that TPS considers robots, machines and computers
in the opposing side of jidoka (‘automation with a human touch’), it should be
noted that TPS’s lack of enthusiasm towards digital technologies could have been
influenced by the current digital technologies of that era (1950-1980s). Since the
rate changes in digital technology has been particularly remarkable in the past 4
decades, it seems bold to assume that TPS’s views on computers in the second half
of the 20th century still apply.

Lean tools for the Industry 4.0 era

The arrival of the 4th industrial revolution could mean changes in the role or the
value of existing Lean Production tools. For example, Value Stream Mapping
(VSM) could no longer be a sustainable tool, since it might lack flexibility when
dealing with digital processes; although evolutionary improvements to this tool
could correct this shortcoming [197]. On the other hand, Lean Automation aims
at achieving the best possible combination of Lean and Industry 4.0 automation
[198]. Industry 4.0 will create new forms of waste, digital waste, and Romero et
al. conclude that future research would need to focus on new techniques developed
to eliminate it [199, 200]. Using simulation of Lean production environment can
be used to find clustering alternatives that reduce the waiting time without com-
promising the business productivity [201]. Malik and Bilberg proposed a method
for assigning tasks to robots or people in Human-Robot Collaborative (HRC) as-
sembly, based on the physical properties of the components, HRC safety, and the
dynamics of the HRC environment such as part presentation and feeding [10].The
IoT and simulation could be used to support expert-less decision making, in a
similar way to the classic Andon tool does [202]. In any case, systems integration
will be needed to ensure that Lean Manufacturing Systems meet the Industry 4.0
requirements [203].

In conclusion, classic Lean tools — e.g. Value Stream Map — might need to
change in order to remain useful for analysing digital processes. The appearance
of “digital waste” should be taken into account, but in general terms, Industry 4.0
technologies are expected to support the ability of people to make Lean-oriented
decisions.

Lean Management affected by the 4th industrial revolution

The evolution of Lean Management in the context of Industry 4.0 leads to risks and
opportunities. According to Rother et al. [204], the success factors of the coming
transformation are three: management engagement, involvement and interaction.
Therefore, the proposed approach is to use the technological advances to free up
manager time and use it to focus on the human relationships: sharing knowledge,
developing the workforce’s skills and managing progress [205]. Total Quality Man-
agement will need to evolve as Quality planning, Quality Control, Quality Assur-
ance and Quality Improvement are different in a digital manufacturing framework
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compared to the previous human-capabilities-based era [206].

In conclusion, Management has a key role to play in the successful transition
to Industry 4.0. From the Lean perspective, changes brought by Industry 4.0 could
be used to free up manager time to be invested focusing on the human relationships.

Lean and Industry 4.0: conclusions

Research on Lean tools for assembly operations is still an open topic. Firstly, it
should be noted that since internal logistics are tightly associated to assembly,
both should be analysed together because changes to one will affect the other as
well. Lean Production systems typically employ assembly lines or cells layouts
to establish pull and create material flow. For certain context involving high-
cost, high-variability, short product development cycles, seru assembly systems are
particularly competitive because they are focused on adaptability. KPIs and per-
formance assessment frameworks are used to measure the effects of changes in Lean
production systems. Establishing a set of KPIs needs to take into account multiple
stakeholders and to align the strategic and operational goals of the organisation.
Simulations and case studies show the beneficial effects of Lean methods, and allow
to estimate the economic return of investment of Lean management decisions.

The Toyota Production System (TPS) considers robots, machines and com-
puters in the opposing side of jidoka (‘automation with a human touch’), but it
should be noted that their lack of enthusiasm towards digital technologies could
have been influenced by the current digital technologies of that era (1950-1980s).
Since the rate changes in digital technology has been particularly remarkable in
the past four decades, it seems bold to assume that TPS’s views on computers in
the second half of the 20th century still apply. Currently, there is a wealth of evid-
ence showing that Lean Manufacturing is a valid approach to improve assembly
operation in a context of mass customisation, and that Lean and Industry 4.0 can
benefit from synergies because each one enhances the other. Some classic Lean
tools —e.g. Value Stream Map— might need to change in order to remain useful for
analysing digital processes. In general terms, Industry 4.0 technologies are expec-
ted to support the ability of people to make Lean-oriented decisions. Management
has a key role to play in the successful transition to Industry 4.0. From the Lean
perspective, changes brought by Industry 4.0 could be used to free up manager
time to be invested focusing on the human relationships. Learning Factories could
be a great tool to share the vision of Lean 4.0 assembly, but they need to mimic
real-life scenarios to become useful for non-academic learners with industrial back-
grounds, such as assembly operators. Industry 4.0 technologies could also be used
to enhance the training environment of Learning Factories. Since both Lean and
Industry 4.0 stress the importance of people, it seems only natural that supporting
human capabilities becomes a priority in Lean 4.0 assembly.
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2.3.4 Focusing on people

In order to answer the fourth and last set of questions “How would Industry 4.0
affect people in assembly?” and “How to support people transitioning to Assembly
4.07”, the systematic literature review publications related to the key concept ‘Op-
erator’ were analysed. After a brief introduction, the 6 main topics to be considered
will be presented, as shown in Figure 2.9: Line balancing, sequencing and job ro-
tation; Lean: operators at the centre; Frameworks for operators in Industry 4.0;
Automation and Human-Robot Collaboration; Supporting operators with Industry
4.0 technology; and Implications of smart factories for operators. Finally, the key

conclusions will be summarised.

3.4 OPERATOR

Q4: How would Industry 4.0 affect people in Assembly?
How to support people transitioning to Assembly 4.0?

Focusing on People

Key aspects:

rotation / ‘ centre operators in 14.0
AN AN

- N |
Automation and Human- Supporting operators Implications of smart
Robot Collaboration with 14.0 technology factories for operators

AN AN

( Line balancing, \ / 4
. ; Lean: operators at the Frameworks for
sequencing and job

\ AN

Conclusions:

e Industry 4.0 is expected to shift the assembly operators’ main functions from direct
labour activities to managing information and making decisions, supported by
technology.

e Respect for people’ —a core principle of Lean production — should be considered a
cornerstone of Lean production process design.

e New operator-centred frameworks are appearing to conceptualise the role of
people in the 4th Industrial Revolution era.

e Operators can be supported with assembly instructions, Quality Control, assembly
details prompts or enhanced training programmes

e Learning factories are a great way to train operators in the new digital
manufacturing skills needed for smart factories, and to gain a deeper understanding
of how new technologies affect them.

Figure 2.9: Key aspects of Operators in Industry 4.0, and main conclusions of the analysis.

Introducing People in assembly operations

Human operators are critical for competitive assembly systems when considering
information flows, competence needs and the requirements for effectively making
use of automation. In such an environment, human teams —rather than individuals,
are key [207]. The role of operators depends strongly on the type of production
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system (e.g. high volume production vs low-volume high-variety). Traditional
automation allows increased productivity but it lacks the adaptability of human
operators. The design of reconfigurable assembly systems by incorporating both
machines and people can lead to cost effective system flexibility and scalability.
However, the collaboration between people and robots can create safety issues.
These can be addressed in two clearly separated ways, according to Hu et al.: (1)
employing vision systems to stop robots; (2) robots so light and low force that
they can be stopped safely by people. Safely increasing flexibility and efficiency in
mixed-model assembly lines is one of the problems that Industry 4.0 technologies
seek to address [74].

In conclusion, the role of operators depends on the type of production sys-
tem, and there is usually a trade-off between the increased productivity of auto-
mation and the adaptability of human operators. Reconfigurable, hybrid assembly
systems that incorporate machines and people could lead to cost-effective flexibil-
ity and scalability. However, the collaboration between people and robots can also
create safety issues.

Line balancing, sequencing and job rotation

Having a flexible and cross-trained workforce is a recurrent approach to deal with
the complexity and changing demand conditions of mass customisation [208-210].
Operator job allocation can also be adjusted to address an array of situations: one-
of-a-kind production [211], minimising costs in seru production systems [212], high
turnover and slow learning processes [213], heterogeneous workforce with varying
degrees of absenteeism [214], or remarkable ergonomics and walking costs [215],
or operator-intensive assembly optimisation —along with sequencing [216]. Altern-
atively, sequencing algorithms can be used for minimising operator headcount in
reconfigurable assembly systems [217]. Although line reconfiguration is a com-
mon approach in mixed-model assembly, output can be increased in peak demand
without it [218].

Analysing the human operator characteristics and the process complexity can
be used to maintain the process KPIs [219], to predict operator overload [220],
or to assess human-originated quality problems [221]. Operator walking distances
are a key input for kitting vs line stocking decisions [222]; and JIT kitting can be
optimised by incorporating hybrid HRC systems [223].

In conclusion, a flexible and cross-trained work force is key for dealing with
changing demand conditions, allowing dynamic job assignation and efficient line
balancing and sequencing.

Automation and Human-Robot Collaboration

Human-Robot Collaboration (HRC) expects to obtain the best of both human
and automation worlds. Costa Mateus et al. developed a methodology for trans-
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itioning from manual to HRC assembly: (1) operation decomposition, (2) resource
evaluation, (3) resource allocation, (4) collaborative assembly operation. [224].
However, HRC brings quality and reliability problems associated with robots and
human operators separately, on top of their interactions, which needs to be ad-
dressed when establishing Quality Control [225]. Additionally, collaborative work
with a robot has been found to cause stress in operators [226]. Moreover, operator
safety remains a key concern for HRC systems. A safety strategy for HRC should
consider the following key design areas: human-robot collaboration spaces, robot
safety systems, vision monitoring of safety conditions, and an operation control
system that coordinates human-robot interaction [227]. Regarding the vision mon-
itoring of safety conditions, Anton et al. used depth sensors so that robots avoid
collisions with operators [228]. Another way of ensuring human operator safety in
HRC would be the “safety bubble” concept, which is based on live data sharing
between reconfigurable assembly systems [59)].

In conclusion, Human-Robot Collaboration aims to obtain systems that are
both flexible and highly productive. However, quality, and safety concerns are yet
to be solved.

Lean: operators at the centre

One key aspect of Lean Production Systems (LPS) implementation is respect for
people, which has been typically overseen [229]. Worker development define the
Toyota Production System (TPS) culture of respect and teamwork, and although
it does not directly relate to bottom-line results, it is an integral component of
the TPS implementation of kaizen (continuous improvement) [230]. There are
simple ways to involve operators and supervisors in the continuous improvement
journey, and they are built on showing the importance and effect of everyone’s
actions towards addressing the problems together [231]. One-point lessons have
been found effective in sustaining the standardisation and optimisation in LPS
[232].

There must be a balance between worker autonomy and creativity versus pro-
cess and cost control, and De Haan et al. found that “challenging and enabling
workers to creatively use their talent and skills in daily work will most likely lead
to positive results” [233]. Another tension exists related to judgement-based oper-
ator adjustments to processes, which could be considered as tampering from the
Statistical Process Control (SPC) point of view. Operator adjustment is not always
bad, but a necessity in real production plants, and there are methods to determine
whether the operator judgement was appropriate or not [234].

Romero et al. looked towards Jidoka (or “automation with a human touch”)
when analysing the future relationship of people and machines in the emerging 4th
Industrial Revolution. They stress that Jidoka needs to be understood not only
as an approach to automation, but also as a “learning system” in which machine
and human benefit from each other [4]. ‘Employee Development System’; as tool of
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Lean Production Management can be used to enhance problem solving capabilities
of the workforce, which leads to improved results measured by KPIs [235].

New frameworks consider people as the cornerstone of LPS: either depicting
them as one of the fundamental pillars —alongside Process and Tools [236]; or
directly as the centre of a layered model for lean factory design [237].

In conclusion, ‘Respect for people’ —a core principle of Lean production—
should be considered a cornerstone of Lean production process design. There must
be a balance between worker’s autonomy and process control, keeping in mind that
operators’ involvement in the Continuous Improvement journey is necessary for
success in the long term.

Frameworks for operators in Industry 4.0

The concept of Industry 4.0 appeared to provide cohesion to different visions of
regarding the future of manufacturing, connected by Key Enabling Technologies
(KET). Alongside the development of such technologies, recent research has focused
on theoretical frameworks to conceptualise the use of the KET and its impact on
human operators. Lindblom et al. [238] studied how to evaluate the Human-Robot
Collaboration in terms of safety, trust and operator experience; Golan et al. [239]
looked into the future Industry 4.0 interaction between operator and workstation,
composed of three subsystems: observation, analysis and reaction.

The key role of operators in the era of the 4th Industrial Revolution has been
identified by numerous authors, coining the term Operator 4.0 [240]. Industry
4.0 technologies should support operators in their tasks, either by directly helping
them or by providing meaningful information to assembly system design engineers.
Peruzzini et al. developed a theoretical human-centred framework for Operator
4.0 using Digital Twin based simulation and real-time human data capture can
be used to provide insights on operator ergonomics and mental workload [88]. In
a similar way, Mattson et al. propose a method of measuring the wellbeing and
performance of operators at assembly stations using electro-dermal activity [107].
Industrial IoT is another technology that can be used for capturing of human and
machinery data for understanding human impact on Industry 4.0 assembly systems
[84]. Understanding the operator’s information needs is vital for the design of smart
assembly factories [76].

In conclusion, new operator-centred frameworks are appearing to concep-
tualise the role of people in the 4th Industrial Revolution era. The key role of
operators has been identified by numerous authors, coining the term Operator 4.0
[240]. Industry 4.0 technologies should support operators in their tasks, either by
directly helping them or by providing meaningful information to assembly system
design engineers.
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Supporting operators with Industry4.0 technologies

Industry 4.0 technologies offer new ways to support human operators in their duties
— see Table 2.3: training can be made easier with Virtual Reality (VR), Augmented
Reality (AR) and motion tracking [94-96]; instructions can be generated in real-
time and displayed using AR [97-99]; or projection AR can be used to provide
process information [100], assembly assistance [101], safety in HRC ‘chaotic’ smart
warehouses [241], shipyard worker assistance [242] or to enhance the operator’s
capabilities and competencies [93]. In general, human operators are positive about
the use of AR for assembly support [243]. The technology-enhanced operator is a
growing field of research, with many other Industry 4.0 KET involved to achieve
varied goals: IoT-based Human-Cyber Physical Systems for providing feedback to
operators working in an intelligent space [91]; reducing Big Data to Smart Data
to assist people [79]; software robots (softbots) to interface between machines and
computer information systems [244]; mobile devices in order to allow dynamic
job rotation in multi-variant assembly lines [245]; verbal and visual prompts for
assisting workers with intellectual disabilities [246]; wearables for audio commands
[247] or detecting potentially hazardous or risky situations [248]; or a combination
of many technology-enabled tools [249-251].

In conclusion, varied Industry 4.0’s Key Enabling Technologies can be used
to support production operators to obtain different benefits. In particular, Virtual
and Augmented Reality and wearable devices have attracted great attention. Op-
erators can be supported with assembly instructions, Quality Control, assembly
details prompts or enhanced training programmes; which can be provided in a way
that is satisfactory for the users.

Implications of smart factories for human operators

Digital technologies progressive presence in factories will change the role of hu-
man operators, which will shift from work-focused activities towards coordinating
tasks, supervision and decision activities [252]. Operators will therefore need more
information than ever before, and this requirements need to be carefully assessed
[76]. Considering the operator at the centre, human activities with Cyber-Physical
Systems (CPS) have been modelled, and new KPIs proposed to make visible how
business and operational decisions affect operators [131]. Empowering operators
seems one possible way of making Smart factories happen, and such empowerment
will make visual computing technologies necessary, according to Segura et al. [253].

Digital technologies can also be used to obtain insights into human-machine
interactions [84] or worker’s wellbeing [107], which then lead to forming strategies
for cognitive automation [70]. Despite recent advances, digital maturity in manu-
facturing companies has a long way to go, and most operator-machine interaction
is done by mouse and keyboard hardware instead of by using CPS [254].

In conclusion, human operators will need to receive and manage more in-
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formation than ever before, make decisions and supervise instead of focusing on
mechanical work related activities. Therefore, empowering operators to act more
autonomously and supporting them accordingly seems necessary. To understand
the situation of Industry 4.0 operators can be done using new digital technologies,
obtaining meaningful data in ways that were not possible before.

Focusing on people: conclusions

The role of operators depends on the type of production system, and there is usually
a trade-off between the increased productivity of automation and the adaptability
of human operators. Reconfigurable, hybrid assembly systems that incorporate
machines and people could lead to cost-effective flexibility and scalability. How-
ever, the collaboration between people and robots can also create safety issues.
There must be a balance between worker’s autonomy and process control, keeping
in mind that operators’ involvement in the Continuous Improvement journey is
necessary for success in the long term. ‘Respect for people’ —a core principle of
Lean production— should be considered a cornerstone of Lean production process
design. A flexible and cross-trained work force is key for dealing with changing
demand conditions, allowing dynamic job assignation and efficient line balancing
and sequencing. New operator-centred frameworks are appearing to conceptualise
the role of people in the 4th Industrial Revolution era. The key role of operators
has been identified by numerous authors, coining the term Operator 4.0. Industry
4.0’s Key Enabling Technologies can be used to support production operators to ob-
tain different benefits. In particular, Virtual and Augmented Reality and wearable
devices have attracted great attention. Operators can be supported with assembly
instructions, Quality Control, assembly details prompts or enhanced training pro-
grammes; which can be provided in a way that is satisfactory for the users. Human
operators will need to receive and manage more information than ever before, make
decisions and supervise instead of focusing on mechanical work related activities.
Therefore, empowering operators to act more autonomously and supporting them
accordingly seems necessary.

2.4 Discussion

This section outlines the key ideas of the four areas considered in the previous
section, organised as answers to the four sets of questions posed in the introduction.

Assembly & Mass Customisation

The question related to Assembly and Mass customisation is: “What are the char-
acteristics and implications of mass customisation for assembly operations?”

Mass customisation brings increased complexity that needs to be addressed
at multiple levels and taking a holistic point of view to ensure that optimising a
sub-system does not affect negatively another sub-system. Assembly complexity
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reaches outside the boundaries of assembly operations and needs to be considered
jointly with supply chain, quality, maintenance and IT/IS. Industry 4.0 digital
technologies have a critical role to play in making possible mass customisation
assembly systems that do not compromise on quality and cost.

Industry 4.0 & Key Performance Indicators

The set of questions related to Industry 4.0 and KPIs are: “What new Industry
4.0 digital technologies are relevant to assembly operations?”, “How to measure the
improvement?” and “How to make the most out of them?”

There are many examples of new technologies applied to final assembly —
see Table 2.3: the Internet of Things, Big data and Digital Twins for improving
processes and decisions as well as for gathering data and obtaining valuable in-
formation; Cyber-Physical Systems and Augmented/Virtual Reality for measuring
human operator performance and supporting human operators’ work; and a mix of
technologies to support different aspects that enable mass customisation. However,
assembly operations are likely to experiment an evolution rather than a revolution,
by gradually incorporating these technologies. Two key areas will be of particular
interest: enhancing the role of people in assembly operations —especially in terms
of responsibility and skills; and making possible human-machine hybrid systems,
capable of efficient low-volume high-variability production.

To evaluate the performance of assembly systems, a KPI system is employed.
Standard KPIs need to be adapted in order to include both traditional metrics (e.g.
cost, quality, throughput, inventory, lead time, productivity) and new indicators
that are specific to the products, operations, stakeholders, business goals and IT-
related aspects of the smart factory.

Despite the wealth in literature about what new technology can do, few re-
late to methodologies to assess the operational needs and opportunities in final
assembly, and then finding or developing an Industry 4.0 solution to them.

Lean Assembly for Industry 4.0

The question related to Lean Production is: “Is Lean Production the best starting
ground for implementing Industry 4.0 assembly operations?”

Lean Manufacturing offers an array of tools and techniques to deal with the
increasing demand complexity and variability, and which could benefit assembly
operations in a context of mass customisation. While most authors consider Lean
Manufacturing as a valid approach for increased complexity of Mass Customisation,
others claim that Lean cannot be applied straightforwardly in the Industry 4.0 era.
Lean might not be necessarily the best possible starting ground for smart assembly
in every situation. However, it clearly has a positive synergy with Industry 4.0
because new technologies can enhance Lean assembly, and Lean maturity supports
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the implementation of new technology. Moreover, both Industry 4.0 and Lean
consider that people have a central role to play in assembly operations.

Assembly operators in Industry 4.0

The questions related to human operators are: “How would Industry 4.0 affect
people in assembly?” and “How to support people transitioning to Assembly 4.07”

Industry 4.0 is expected to shift the assembly operators’ main functions from
direct labour activities to managing information and making decisions, supported
by technology. A flexible and cross-trained work force would be key for dealing with
changing demand conditions, allowing dynamic job assignation, line balancing and
sequencing. Learning factories are a great way to train operators in the new digital
manufacturing skills needed for smart factories, and to gain a deeper understanding
of how new technologies affect them.

2.5 Conclusion

This article looked at the issue of how Industry 4.0 technologies could improve
the flexibility, productivity and quality of assembly operations. To do so, a sys-
tematic literature review was carried out, and 239 articles were analysed. The
resulting analysis was structured into four main topics, each one addressing one of
the questions posed in the introduction.

It was found that mass customisation brings complexity into assembly opera-
tions, which need to be looked at from a holistic point of view —joining assembly,
supply chain, quality, maintenance and IT. New technologies —such as Big Data,
the Internet of Things, Real-time Optimisation, Cloud Computing, CPS, Virtual/
Augmented Reality, Additive Manufacturing and Digital Twins— allow obtaining
meaningful information in real time about the assembly operations, making better
decisions and supporting human operators in their activities. A combination of
conventional and new KPIs, to evaluate IT-related aspects of the smart factory,
will be needed to measure the impact of these technologies. Although it might not
necessarily be the best starting point in each and every situation, Lean is defin-
itely a great starting ground for smart factories. Since both Industry 4.0 and Lean
consider that people have a critical role to play in assembly operations, frame-
works that place human operators at the centre of Lean 4.0 have started to appear.
This focus will need to be translated into supporting people to acquire the digital
manufacturing skills they will need. Learning Factories are great to this end.

The literature analysis also uncovered the relative lack of methodologies for
implementing Industry 4.0 technologies in assembly operations to address concrete
business goals, which remains an open question. There is also room for devel-
oping operator-centred frameworks for Industry 4.0 that are specific to assembly
operations in the demand context of mass customisation.
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2.6 Summary

In this chapter, a systematic literature review uncovered several key findings for
improving the flexibility, productivity and quality of assembly operations with new
digital technologies: (1) Mass customisation brings complexity to assembly sys-
tems, which need to be analysed holistically; (2) new digital technologies allow
to have better, real-time information to support decisions made by people; (3)
new KPIs, linked to digital aspects, may be needed along conventional perform-
ance metrics; (4) Lean is a great starting point for deploying the 4th industrial
revolution technologies; (5) both Industry 4.0 and Lean consider people as a key
element of production systems; and (6) there is a lack of specific methodologies for
implementing Industry 4.0 digital technologies on assembly operations.

Resulting from these findings, it seems that the increasing focus on mass
customisation and complexity leads to high-mix low-volume demand conditions
dominance over other aspects. In consequence, assembly systems would need to
be adapted, designed and/or optimised to be flexible. Specifically, they need to
be capable of performing efficiently under high product variety, frequent product
changeovers and small batch sizes. Flexible assembly systems would also need to
stress the Lean-to-Industry 4.0 journey, a relationship that focuses on firstly im-
plementing and sustaining operational excellence initiatives before a digitalisation
strategy can be deployed holistically —i.e., at a systemic level, and not just as a
collection of small disconnected projects.

It is worth noting that although the period considered for the systematic review
was 2010-2020, the interest in the topic keeps growing. Industry 4.0 and Assembly
4.0 are no longer key subjects by themselves but have become the foundations for
a fast-growing field. The capital importance of people is highlighted in the newly-
coined term Industry 5.0 [255], proposed by the European Commission to stress
the human-centric orientation of European industry.

The main contributions of this chapter are two key findings about state-of-
the-art assembly systems 4.0:

1. The systematic literature review carried out evidences a lack of specific meth-
odologies for the implementation of Industry 4.0 digital technologies on as-
sembly systems.

2. Key literature on the topic shows that mass customisation and personalisa-
tion demand trends lead to more complex assembly systems. These systems
include many different layers that need to be addressed holistically. To gain
perspective from multiple angles of how the several layers affect one another,
sets of performance measures ought to be used.

Resulting from these key conclusions, the following Chapter 3 includes Sec-
tion 3.1, which presents an assembly-specific operator-centred conceptual frame-
work for implementing Industry 4.0 digital technologies. Section 3.2 expands on
the available tools for evaluating the performance of flexible assembly operations,
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a crucial step for assembly systems design. Later, Chapter 4 presents a system-
atic approach using design of experiments to uncover the most critical factors to
flexible manual assembly systems for high-mix low-volume demand, a first step to-
wards designing flexible assembly systems that are capable of benefiting from new
digital technologies.
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CHAPTER 3

Framework

This chapter introduces the conceptual framework to be used in the rest of the
thesis. It is composed of three clearly differentiated elements.

Resulting from the main conclusions of the previous chapter, Section 3.1 intro-
duces an operator-centred Lean assembly 4.0 conceptual framework, which allows
us to delimit the scope of the following chapters’ analysis tools and studies. It also
leads to conclusions on the type of Industry 4.0 digital technologies that could be
used to enhance the performance of each layer of an assembly system.

Section 3.2 presents general definitions, an assembly line classification tax-
onomy, and the basic concepts of manual and semiautomatic assembly performance
evaluation, which will be used in the following chapters of this thesis.

Section 3.3 introduces The Cooktop Company industrial study case. This
study case, which will one of the fundamental pillars of the analysis developed
in this thesis, presents a classic situation of mass customisation demand to which
the assembly operations need to adapt. This section describes the starting situ-
ation, explains the study case main characteristics, analyses the demand to identify
mass customisation patterns, and describes the product changeover situation to de-
termine which product-mix assumptions need to be used later for modelling the
performance of the system.

Finally, Section 3.4 features the chapter summary and key contributions.
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3.1 Operator-centred Lean assembly 4.0 framework

The conceptual model presented in this section, which was presented at the 54th
CIRP Conference on Manufacturing Systems (Athens, Greece/online, 2021), and
later published in Procedia CIRP [256] builds on the previous work carried out by
Gil-Vilda et al. regarding a human-centred model for Lean factory design [237]. In
consequence, each one of the subsections here corresponds to a section of the con-
ference article: Introduction (3.1.1), Operator-centred assembly 4.0 model (3.1.2)
and Conclusion (3.1.3).

Article title:
Operator-centred Lean 4.0 framework for flexible assembly lines
Article abstract:

This article provides a starting point for developing a methodology
to successfully implement Industry 4.0 technology for assembly opera-
tions. It presents a novel multi-layer human-centred conceptual model
in line with Lean philosophy which identifies the assembly operator
functions and relates them to other production departments, identifying
how they would be affected by incorporating new digital technologies.
The model shows that assembly operators would only be directly sup-
ported by hardware digital technologies; while the production support
departments would mainly employ Industry 4.0 software technologies.
The work presented here paves the way for developing a methodology
for implementing Lean Assembly 4.0.

3.1.1 Introduction

The term Industry 4.0, initially adopted by a German strategic program [22], is
used nowadays to express the relationship between different elements of the current
manufacturing sector and the new digital technologies. Recent research on Industry
4.0 tends to focus on the possibilities brought by a certain new digital technology
or develops a framework to understand what would be the effect of incorporating
such new technologies.

Scarcely explored is the development of implementation methodologies that
bridge Industry 4.0 conceptual frameworks with the current state of industrial
environments, and the process to successfully deploy new digital technologies that
bring the expected returns of investment [27]. Additionally, if the Lean production
approach and its techniques are also related to this implementation, the concept
of Lean 4.0 could be used as shown in the literature [30].

This article aims to provide a starting point for developing a methodology for
successfully implementing Industry 4.0 technology for assembly operations, in line
with Lean production principles. To do so, the model presented here links assembly
elements and ancillary departments to Industry 4.0 Key Enabling Technologies for
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assembly operations, considering the operator as the centre of the model, which is
coherent with Industry 4.0 principles [240, 257], Lean manufacturing [237] and the
EU prospects for Industry 5.0 [255].

In Section 3.1.1 changes in demand trends are presented, introducing a par-
ticular issue resulting from mass-customisation: high-mix low-volume. Then, it
describes the focus shift towards people in both Lean production and Industry
4.0. Finally, it introduces the role of new technology to support humans in as-
sembly: Operator 4.0. Section 3.1.2 introduces an operator-centred Assembly 4.0
model which identifies which digital technologies have a place in supporting oper-
ator functions and interactions in the Industry 4.0 factory. Finally, Section 3.1.3
presents the conclusions of the article.

Demand trends: mass customisation requires flexibility

Although a clear segmentation traditionally existed between mass-produced goods
and made-to-order products, the market trends have been shifting towards the
customisation of mass-produced items [28]. Despite this not being economically
sustainable in the past; technological advances have made it possible. Managing
the complexity associated with mass customisation remains one of the main chal-
lenges for global production networks [258]. In the near future, mass customisation
could not only become desirable, but expected of any company wanting to remain
competitive. In this context, adaptable, changeable and decentralised manufactur-
ing networks will possess key competitive advantages [258, 259].

Mass customisation leads to a particular production demand problem, high-
mix low-volume: a large number of items being demanded, in small amounts each
one, and with a variation not depending on seasonal trends, making its forecast
difficult and inefficient. To stay competitive in such a context, manufacturing com-
panies will need to become more flexible without compromising their productivity.
Fortunately, several Industry 4.0 digital technologies are expected to prove useful
in achieving this as already shown in the literature [11, 31, 260].

Production evolution: Lean 4.0 and focusing on people

New digital technologies have set the landscape for a fourth industrial revolution,
conceptualised as Industry 4.0, which describes a vision of increased flexibility and
automation; data and information flow across processes, functions and compan-
ies; enhanced quality achieving zero-defect production; leveraging big data, neural
networks, machine learning and Artificial Intelligence, among other digital techno-
logies, to maximise efficiency [257].

Lean manufacturing, a generalisation of world-leading Toyota Production Sys-
tem, has proven its efficiency in high demand variability, shorter new product devel-
opment cycles and customer-focused, highly competitive environments [5, 261]. It
is therefore a solid starting ground for any manufacturing system evolution seeking
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to improve productivity and flexibility at the same time. One of the key character-
istics that set apart Lean production systems is its respect for people and people’s
key role in their company’s continuous improvement journey [3, 262].

Hence, Lean production needs to be the cornerstone on which Industry 4.0
technologies rely to enhance production. Lean automation is then the synergy
between the Lean approach and the new digital technologies — Lean 4.0 [31]. Ac-
cording to Kolberg and Ziihlke [263], Computer Integrated Manufacturing (CIM)
failed due to the complexity required for the automation technology, while the Lean
approach was successful because of its high effectiveness, achieved by reducing com-
plexity and avoiding non-value-added processes.

Although Industry 4.0 solutions to specific Lean production issues may prove
useful, either replacing or enhancing existing Lean tools, it is looking at the produc-
tion system from a holistic perspective where the maximum benefits of disruptive
digital technologies could be achieved [30, 31].

Assembly and Operator 4.0

The goal of flexible assembly systems in the Industry 4.0 era, named ‘Assembly
4.0’ by Cohen and Faccio in [74] —a term that will be used in the present article- is
to address the mass customisation demand paradigm. The most relevant key en-
abling technologies for assembly are —according to [24]- the Internet of Things, Big
Data, Real-time optimisation, Cloud computing, Cyber-Physical Systems, Machine
Learning, Augmented Reality, Cobots and Additive Manufacturing.

Considering the critical role of assembly line level operators on Lean produc-
tion systems performance, it is only natural to consider how new digital tech-
nologies would enhance the human operator best traits, and help to cover their
weaknesses, aiming for a ‘human-automation symbiosis’ [240]. To analyse this
human-technology interaction, it would be useful to start from the operator’s per-
spective to ensure that the implementation of changes does not affect negatively
people, but supports them [252].

As proposed in this novel work, keeping the operator at the centre is the focus
of the methodology approach proposed and described in the following section, where
all the interactions between an assembly operator and production activities and its
environment have been established and analysed.

3.1.2 Operator-centred assembly 4.0 model

Due to the success of Lean production systems and because respecting people is one
of its key features, human operators need to be at the centre of any methodology
seeking to integrate Industry 4.0 digital technologies for assembly operations. This
model aims to explain, from the point of view of the assembly operator, which of its
productive functions would be affected by Industry 4.0 technologies, and how. It
also explains how new digital technologies would affect the material and information
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flow between the operator and the main Departments which support assembly
operations, such as Logistics & Planning, Maintenance and Quality Control.

Assembly operator

Production functions

Assembly process elements

Production support
departments

Figure 3.1: First stage of the human-centred model of assembly systems.

The model proposed consists of two stages. The first stage (see Figure 3.1)
develops three concentric layers: the productive functions carried out by the oper-
ator, the elements used to do so and the Production Support Departments involved
with the operator; along with how they interact with the operator. The second
stage relates Industry 4.0 digital technologies with its specific point of application
from the first stage (Figure 3.5, Section 3.1.2).

Production functions

The first layer considered in the model presented in Figure 3.1 —the most closely
related to the operator— consists of the production functions. Manual assembly
operators carry out four main productive functions:

e Assembly (AS): attachment of parts together or to the previously processed
unit, including manipulation of the units into and out of the workstation;

e Quality Control (QC): building quality in each process step, along with the
required tests performed by the operator;

e Changeover (CO): adjustments to the workstation, tools, parts and fixtures
to assemble a different product model;

e Communication (CM): recording, sending and receiving data or information.

Assembly process elements

To develop these production functions in Subsection 3.1.2, several assembly process
elements are used, which constitute the second layer, as shown in Section 3.2:
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o Workspace: the actual space in which the assembly task is carried out. In-
volved in AS, QC and CO.

e Workstation: the physical space where the in-process unit is held while parts
are assembled. Involved in AS and QC.

e Fresh unit: the next upcoming unit to be processed. Involved in AS.

e Processed unit: the previously assembled unit. Involved in AS and QC.

e Tools: devices employed to attach parts to the unit. Involved in AS and CO.

e Parts: components to be assembled to the in-process unit. Involved in AS
and CO.

e Status & alerts display: devices which function is to inform of the production
status and visually or audibly alert of any anomalous situation. Involved in

AS, CO and CM.
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e Production data log/ screen: physical or digital means of tracking the pro-
duction schedule, recording data and displaying supporting information. In-
volved in AS, CO and CM.

e Measurement equipment: devices utilised to gauge or test relevant character-
istics of the in-process unit. Involved in QC, CO and CM.

e Fixtures: devices employed to hold the unit while performing assembly or
QC operations. Involved in AS; QC and CO.

Production Support Departments

Assembly operators are supported by five key departments of the organisation: (i)
Assembly: other operators, situated upstream, in parallel or downstream in the
process stream; (i) Production Management: including team leaders and assembly
managers, they typically deal with non-conforming situations; (iii) Maintenance:
they ensure the tools, fixtures and machines; (iv) Quality: they establish Quality
Control policies, calibrate and validate testing equipment; (v) Logistics & Planning:
they provide the correct materials and parts at the right time, retrieve empty
packaging and schedule production.

Operator — Supporting Departments interaction

As Figure 3.3 and Figure 3.4 depicts, operators interact with the supporting de-
partments using a combination of process elements. White arrows indicate material
flow, while black arrows indicate data flow.

As shown in Figure 3.3, operators receive fresh units from upstream process
steps; and send processed units towards downstream process steps. Information
relating non-conformities or upcoming changeovers in shared typically verbally in
an informal manner. Formal information about the production status is shared
using Status & Alerts process elements, such as Andon lights or display screens.
Operators also exchange information formally with Production Management using
Production Data logs and screens. Measurement equipment often sends test data
to an IT system that stores it and provides Data Analytics.

Operators and Quality exchange information via Status & Alerts, Production
Data log/screens and Measurement Equipment. Additionally, Quality provides
and maintains the Measurement Equipment (see Figure 3.3) that Operators use to
perform QC.

Operators and Maintenance exchange information via Status & Alerts and
Measurement Equipment (see Figure 3.4). Also, Maintenance provides and main-
tains Tools and Fixtures, in response to the operator’s information regarding its
state.

Figure 3.4 shows that Logistics & Planning provide the operator with parts to
be assembled onto the unit, and they retrieve empty packing (material flow) Along
with parts or empty boxes, information is transmitted, e.g. when using a Kanban or
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a twin-bin system. Operators also provide implicit information through successfully
processed units, which are a measure of production output. They also exchange
information via Status & Alerts, Production Data log/screens. A key piece of
information provided by Logistics & Planning is the production schedule, specifying
batch sizes and changeovers, which can impact the operator’s productivity.

Industry 4.0 enabling technologies for Assembly

To connect the proposed model with Industry 4.0, nine enabling technologies have
been considered as particularly relevant for Assembly Systems [24]. Six of them are
software technologies (Internet of Things, Big Data, Real-time optimisation, Cloud
computing, Cyber-Physical Systems, Machine Learning), and three are hardware
technologies (Augmented Reality, Cobots, Additive Manufacturing).

While the assembly operator’s main functions are not expected to change
due to the availability of new digital technologies, the way these functions are
developed will need to evolve to enjoy its benefits. The relationship with Sup-
porting Departments also shows potential for improvement. Lastly, Supporting
Departments are expected to integrate new digital technologies to obtain increased
benefits. Although the latter technologies will not be employed directly by the
assembly operator, they will affect his work. Therefore, the implementation of new
digital technologies at all levels needs to consider the impact on assembly workers
to be successful. Figure 3.5 depicts which Industry 4.0 digital technologies would
be beneficial at each layer of the model.

Three key technologies could be used by operators to carry out its functions, as
shown in Figure 3.5: Augmented Reality or Mixed Reality (AR/ MR) [264], collab-
orative robots (cobots) [265] and Cyber-Physical Systems (CPS) [198]. Aiming to
support the assembly operator main functions (see Section 3.1.2), Augmented Real-
ity /Mixed Reality could be widely used: enhancing the operator cognitive ability
while performing a changeover —which would need to be streamlined and mastered
to achieve mass customisation, and supporting a zero-defect assembly and Quality
Control, as introduced in [66]. Cobots are to be used not only for assembly tasks,
but also to flexibly present the unit-in-process in the best orientation and posi-
tion for an ergonomic human operation or inspection; even contributing to quick
changeovers. Finally, CPS would gather and receive data, reducing the cognitive
load of the operator while ensuring the quality and reliability of the data captured
and sent in the workstation.

Regarding the Operator’s interaction with the Supporting Departments, the
Internet of Things could be employed to communicate the vast amount of data re-
quired to and from them. Industrial IoT can be combined with Augmented Reality
technology to provide real-time maintenance assistance remotely to assembly oper-
ators, reducing the equipment downtime in the event of a breakdown, in a similar
fashion to systems used to facilitate engineering knowledge to maintenance tech-
nicians [266]. Augmented Reality can also provide enhanced tools for communic-
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ation between Operators and the Supporting Departments, enabling collaborative
assembly process design, analogously to the product process design presented in
[267].

Finally, Supporting Departments could benefit from using Cloud computing,
Big Data, Machine Learning and Real-Time optimisation, which would affect as-
sembly operations positively in the long term. These software technologies would
influence greatly the bottom-line results, but these will not be directly perceived
by assembly operators since they will not be in close contact with such techno-
logies. For example, Big Data and Digital Twins for Logistics & Planning would
help optimise in-factory stock levels while ensuring reliable feeding of components
to assembly cells, but this optimisation is hardly seen from the operator point of

view.

Discussion

The multi-layer model presented previously explains an Assembly operator func-
tions, the tools utilised for such end, and its interactions with the Production Sup-
port Departments, from a human-centric perspective. It then establishes which
of the previous layers could be affected by Industry 4.0 digital technologies, and
which technologies would enhance each particular function or relationship.

As Figure 3.5 shows, there is a clear differentiation between the technologies
used by the operator to perform its functions (hardware technologies), and the
technologies used by the Production Support Departments — not directly by the
operators (software technologies).

Although this model does not reveal how to successfully implement Industry
4.0, its necessary prerequisites, or the expected order of magnitude of the benefits
it would bring; it does identify which technologies could be used to support each
one of the operator’s duties, making it a solid starting point for future research.

This model is builds on top of the foundations laid by solid previous research:
the central role of people for Industry 4.0 [240, 257] and for Lean assembly systems
[237], as well as the EU prospects for Industry 5.0 [255]. However, it has not been
validated experimentally to date.

To determine the prerequisites and the potential benefits of implementing In-
dustry 4.0 technologies according to the framework presented here, validation in
an industrial real study case is deemed necessary.

3.1.3 Conclusion

Aiming to achieve mass customisation, production systems in the Industry 4.0 era
will need to support the Assembly operators when and as needed. The importance
of people in Manufacturing systems was already a key point in successful Lean
production systems, and Industry 4.0 technologies need to embrace this perception.
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A human-centred model was presented, explaining, from the point of view of
the assembly operator, which of its productive functions would be affected by In-
dustry 4.0 technologies, and how so. One clear differentiation appears between the
technologies used by the operator to perform its functions (hardware technologies),
and the technologies used by the Production Support Departments — not directly
by the operators (software technologies).

This model does not aim to be exhaustive for all kinds of manual assembly
process, but it does include everything related to most manual high-mix low-volume
processes, and it is open enough to allow additions from specific processes to adapt
it where necessary.

Future lines of work would employ this model to develop an explicit meth-
odology for implementing Industry 4.0 digital technologies aiming to support the
human Assembly operator and evaluating the potential gains in industrial contexts,
thus providing empirical validation in real industrial study cases. This would cor-
relate Assembly 4.0 implementation to key operational KPIs (e.g. productivity,
on-time delivery, first time yield) when analysing a particular case study, whose
boundary conditions and approach could be properly established by the model.

3.2 Performance Evaluation of Flexible Assembly
Operations

This section introduces an assembly line classification, the basic concepts of as-
sembly systems performance evaluation, and the definitions of the most relevant
parameters used in the models used in later chapters.

3.2.1 Assembly line classification

Assembly line features can be classified according to three main sets of charac-
teristics, according to Boysen et al. [268, p.678-682], whose definitions are listed
below. Concerning the work presented in subsequent chapters of this thesis, the
following six assembly line attributes are of capital importance:

1. Product precedence:

e Mixed-model line: “Varying models are manufactured on the same pro-
duction system, the production processes of which are similar enough
so that setup times are not present or negligible. Thus, the units of the
different models are produced in an arbitrarily intermixed sequence.”

e Multi-model line: “Different products are manufactured in batches. Whenever
another batch is to be processed, a setup occurs which requires time and
resources.”

e Single-model line: “A single product is manufactured or the production
processes of multiple products are (almost) identical so that they need
not be distinguished.”
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2. Processing times:

e Stochastic processing times: “It is assumed of processing times follow a
known (or even unknown/partially known) distribution function.”

e Dynamic variations of processing times: “These variations are, e.g., due
to learning effects of operators.”

e Processing times are considered to be static and deterministic.

3. Movement of workpieces:

e Paced workpiece movement: where a cycle time restricts the product
advance.

e Asynchronous unpaced movement: “As soon as a station completes its
work, the workpiece is moved to the next station or a buffer in front of
this station unless blocking occurs.”

e Synchronous unpaced movement: “the movement of workpieces is co-
ordinated between stations. The workpieces are transferred to the re-
spective next station when all stations have completed their current
workpiece.”

4. Line layout:

e Single line: “The stations are arranged in a serial manner along the flow
of the line.”

e U-shape: “U-shaped line layout with at least one crossover station is
used.”

5. Parallelisation:

e Parallel lines: “More than one parallel line is to be considered or the
number of lines installed as part of the decision problem.”

e Parallel stations: “When stations are parallelised, their resources and
work contents are duplicated so that they process all assigned tasks
alternately.”

e Parallel tasks: “parallelised task is assigned to more than one station. In
addition to their regular work content, stations process the parallelised
task interchangeably.”

e Neither type of parallelisation is present.

6. Buffers:

e Uunlimited/limited capacity buffers: When in-process workpieces can be
stored between stations.

e Unbuffered line: When a station can only move the finished workpiece
forward if the following station is empty, or at a synchronised time.

The assembly systems analyses of this thesis employ slightly different assump-
tions depending on the goal and scope of each case.

3.2.2 Performance evaluation models

The general framework for analysing the performance of an assembly system con-
sists of a series of inputs, interpreted by a model representing the system, which
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in turn produces an output, depicted by Figure 3.6. Such output can be evaluated
using different measures, or Key Performance Indicators (KPIs).

Design
sarameters | Model ) KPIs
% Disturbances

Figure 3.6: Assembly systems performance evaluation general framework of analysis.

Input parameters

Regarding the input variables (or parameters), it is possible to differentiate two
main groups: design and fixed parameters, which will be explained together, and
disturbances.

Design parameters describe aspects of the assembly system relatively under
control or that can be directly modified to obtain the desired outcome. On the other
hand, fixed parameters cannot be easily altered, because they depend on external
factors —e.g. the customer demand or the work content of a certain product—
or changing them is beyond the scope of the analysis at hand. In consequence,
some variables, such as the number or layout of manual assembly stations, can
be considered fixed or design parameters depending on the investigation goals and
scope.

The following list includes most of the design/fixed parameters and notation
employed. Note that some additional, analysis-specific variables will be defined
and used in subsequent chapters.

BC Buffer capacity: maximum number of work-in-process units between
workstations.

Beo Number of batches of the same product family before changeover.

cT Cycle time

J Number of automated workstations.

K Number of manual workstations in an assembly system.

L Number of assembly lines.

LB Line balance.
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M Number of product models. Depending on the scope of a certain
analysis, this number can refer to final product variants (i.e. ref-
erences) or product families, each one sharing the main production

characteristics.
Q Batch size
T Setup time: necessary to adapt the workstations in order to produce

a different product model.

Ty Processing time: Time necessary to perform the assembly tasks as-
signed to a workstation.

T; Milkrun transportation time: Time required by the milkrun train to
cover the route between the in-plant warehouse and the points of use
at the assembly line.

Ty Milkrun operator handling time: Time required by the milkrun op-
erator to load or unload component containers to the points of use.

W Number of workers. Usually (but not always) equal to the number
of stations.

wcC Work Content: Total aggregate processing time to assemble a
product from the beginning until it is finished.

WCg Work Content ratio: Ratio between the largest and the smallest work
content among the products of an assembly line.

Disturbances are different from other input variables because they present a
stochastic behaviour. Stochastic variables can be described using a random probab-
ility distribution that may be analysed statistically, although it is not predictable.
These parameters are used to represent the non-deterministic nature of manual
processing times and quality control rates, among others. While discrete events
simulation models are designed to incorporate stochastic parameters, analytical
mathematical models are considered to be more limited in this regard [269, 270].

The following parameters express the ratio between the mean and standard
deviation of the probabilistic distributions used to model stochastic disturbances.

cv, Processing time variability
CV; Setup time variability
CV, Conforming pieces per container variability
cV, Batch size variability
Models

In opposition to optimisation models—which generate a set of decisions or courses
of action to maximise the performance of production systems—performance eval-
uation models “estimate the measures of a system performance for a given set of
decisions and system parameters. These models rely on techniques of stochastic
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processes, probability, and simulation.” [271, p.4]. There are many different tools
of evaluative models for discrete production systems. A top-level categorisation
would differentiate between analytic models and simulation models, among others
[272]. These are the two types of performance evaluation models that have been
used in this thesis: mathematical and simulation.

Analytic models - which include capacity analysis, queueing, and mathematical
programming - are typically very fast, and can capture accurately some advanced
features such as rework, batch processing or re-entrant material flows. Their res-
ults, consisting of a single number for each KPI, are easy to interpret. However,
these models usually rely on restrictive assumptions, meaning that they are not
appropriate for all kinds of production scenarios.

Simulation, on the other hand, “in this context refers specifically to computer-
based discrete event simulation” [273, p.18]. This modelling tool can capture virtu-
ally any level of detail, including both dynamic and stochastic (random) behaviour.
Its downside is that it requires superior computational power, takes longer to run,
and its results can be more difficult to interpret because it requires statistical ana-
lysis of the simulation outputs [272].

The specific features of the models used in this will be detailed in Chapter 4
and Chapter 5.

Output variables

Modern assembly operations require multi-faceted measurements to fully under-
stand the performance of such systems. While the first industrial focus was to
control and minimise production costs, later productivity (or production efficiency)
became the key measure [12]. Lean Production highlighted the importance of min-
imising the delivery time to customer orders and used lead times as well as inventory
measures as indicators of efficiency. In recent times it is considered that a set of
KPIs is needed to assess the operational situation of a production system.

Assembly performance measures typically look at efficiency measures such as
“assembly throughput, capacity, lead-time, in-process inventory, availability, flexib-
ility, quality, cost per assembly” [9, p.36], depending on the situation-specific goals.
The selected KPIs need to keep a balance between simple and easy-to-understand
measures (which are directly applicable by industry practitioners) and more com-
plex, compound indicators that can depict better a particular situation.

The KPIs used in this thesis are derived from the following three main per-
formance measures [9, p.36]:

1. Throughput (Th): “the rate of good-quality assemblies produced by an as-
sembly system”. The maximum throughput is also named line capacity. Over
a fixed period, the aggregate throughput is the total output of the system.
Improvement goal: increase throughput.



68

Chapter 3. Framework

2. Productivity (P): the ratio between the production rate and the input re-

sources required. Improvement goal: increase productivity.

3. Lead time (LT): “total time required to produce one assembly including all

waiting time.” Improvement goal: decrease lead time.

The three main performance measures have been related to nine Key Performance

Indicators:

Output
Th

PLine

PLabour

Ps

LTg

LTy

Output: Total number of conforming units produced.
Throughput: Production rate of conforming units.
Line productivity: production rate of conforming units per operator.

Labour productivity: percentage of time that operators spend adding
value to the in-process units.

Surface productivity: production rate of conforming units per oper-
ator and surface unit.

Milkrun utilisation: fraction of total available time that the supply
chain operator is busy (picking components at the warehouse, driving
the milkrun train and handling containers to load/unload compon-
ents).

Stock at assembly line: stock level of components held in the as-
sembly line.

Batch lead time: time for a batch of units to be finished from the
moment the last unit of the previous batch is finished.

Unit lead time: time for a unit to be finished from the moment it
starts being assembled.

3.3 Industry case: the Cooktop Company

This Section introduces the study case: industry, product, production system,

demand (Subsection 3.3.1), and then introduces the assembly line under study
(Subsection 3.3.2).

3.3.1 Introduction to the industrial study case

As part of the DIGIMAN4.0 consortium, this thesis project could collaborate with
an industrial partner, the Cooktop Company, which is a global enterprise design-

ing, manufacturing and distributing white goods. The home appliance industry is

a highly competitive market, which drives cost efficiency. The study case analysed

here corresponds to a manufacturing facility which specifically deals with gas cook-

tops (discrete manufacturing). Gas cooktops deal with a particular global market

with multiple national and international regulations and technical specifications

which add variability to the global mass customisation demand trend.
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Product and assembly system: gas cooktops

The Cooktop Company production plant located in the North of Spain has a gas
cooktop product portfolio of c¢. 500 references. The references are grouped in
product families and product lines depending on some key product characteristics
such as its size (e.g. 30, 60, 75 or 90 cm), number of hobs (from 1 to 6 per
cooktop) or the hob top material (e.g. steel, ceramic, glass) and finish (e.g. enamel).
There are seven distinct product lines (PL) in this facility, and each product line is
comprised of 5 to 20 product families (PF). In turn, each product family consists
of up to 25 product references. Each product line is assembled in an assembly line,
capable of efficiently handling a vast number of related products.

All seven product lines add up to an aggregate demand of over 500k units
per year. While some product lines experience high demand, others add up to as
little as one production batch per year. The product line-family demand pattern is
also replicated at a product family-reference level and will be looked at in further
detail later on. The variable demand pattern drives the reduction of production
batch sizes to limit the low-demand references shelf time and warehouse occupation.
However, smaller production batches decrease the production productivity and thus
increase the average production cost of such references, which if transferred to the
final customers further reduces their demand, especially in a strongly commoditised
market such as home appliances.

The top three most demanded product lines are assembled in semi-automated
lines, which have cycle times of approximately 70 to 120 seconds. They consist
of eight manual stations alongside several partially automated stations (e.g. for
screw fastening after manual placement of the components) and three fully auto-
mated stations which perform laser engraving and in-line quality control tests.
Semi-automated lines present shorter cycle times and increased line productivity
and therefore lower costs per unit. However, these traditionally automated sta-
tions require heavy investments demanding high production volumes of very similar
products, which restricts them from assembling cooktops of a single product line.

On the other hand, the product lines presenting lower demand are produced
in fully manual assembly lines, which have cycle times in the range of 150 to 280
seconds, and consist of 3 to 5 workstations. They leverage the inherently superior
flexibility of human operators. The absence of rigid automation allows them to deal
with extended product lines, but their lower productivity places these products at
a competitive disadvantage in terms of production cost.

Demand profile

The demand patterns faced by The Cooktop Company are quite common across
other industries. Figure 3.7 shows a Pareto chart of the cooktop demand volume
per product line. Note that the three product lines with higher demand (above
100k units per year) were already been produced in semiautomated assembly lines;
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since the higher production volume allowed them to benefit from the increased
productivity brought by automation. Product lines 4 to 7, on the other hand, each
present such a low demand volume that introducing traditional automation would
not be economically viable.

The Cooktop Company demand by product line (2019)
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Figure 3.7: Demand by product line (PL) at The Cooktop Company (2019). Product lines 1-3
(grey) correspond to already semiautomated assembly lines. Product lines 4-7 (blue) are low-
volume, and were assembled on manual assembly lines.

Furthermore, Figure 3.8.a and Figure 3.8.b drill down on the demand volume
of the two product lines with lower demand. These Pareto charts reveal a similar
demand volume distribution pattern: a few (three) product families account for the
majority (70-80%) of the demand volume. A more detailed look at the number of
product references in each product family highlighted that the demand of the high-
runner product families is atomised as well. This allows us to conclude that The
Cooktop Company faces high-mix low-volume demand, in line with the framework
of mass customisation.

The Cooktop Company demand by product line (2019)
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(PL) 6, (b) product line 7.
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3.3.2 Manual assembly line under study

Among the assembly lines of The Cooktop Company, three manual assembly lines
are analysed in this subsection, and its main features are characterised, building
up the industrial study case to be used in later chapters. Firstly, the lines will be
described and classified using the previously defined framework, focusing on the
key assumptions that analytic or simulation models will use. Then, changeover
setup times data will be explored to stress the multi-model aspect of these lines.

Product lines no.4, 6 and 7 manual assembly

This thesis focuses on the high-mix low-volume assembly lines and the ways to
integrate automation to increase their productivity while maintaining a high degree
of their current flexibility. Figure 3.9 and Figure 3.10 illustrate the state of the
lines during the thesis project. Figure 3.11 shows schematically the layout of the
assembly lines, which will be modelled in subsequent chapters.

Figure 3.9: Product line no. 7 manual assembly line (on site).

The classification framework introduced in Section 3.2 can be applied to these
manual assembly lines. Regarding the product precedence, they are multi-model
lines, since each of them deals with a product line consisting of many different
product families. Detail on the setup times necessary to adapt the workstations to
different products will be presented later on.

Their processing times are assumed to be stochastic since the assembly time
data suggests that considering variability is necessary to model the assembly system
realistically. Later Section 5.3.2 details the analysis carried out to characterise
the manual assembly time variability. The workpiece movement is asynchronous
unpaced since workers are not limited by cycle times and can push the processed
workpiece to the buffers in-between stations. The assembly lines under study, as
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Figure 3.10: Product line no. 4 manual assembly line (on site).

shown by the diagrams in Figure 3.11, present a single-line layout, without any
type of parallelisation in their current state. This potential aspect will be explored
further in Chapter 4 and Chapter 6. Finally, these are buffered lines with limited
capacity. The buffers between stations can typically hold a maximum of one in-
process unit, which allows to mitigate the worst effects of processing time variability
without excessively increasing the assembly line floor space.

Later Chapters 5-7 describe in further detail the assumptions made to model
these assembly lines.

Setup times of multi-model assembly lines

Every time an assembly line switches from producing a product reference, assembly
operators need to perform a series of change operations to adapt the stations to
the new (incoming) product model.

Setup time is defined as the time employed by assembly operators to change
over the fixtures, tools, quality control equipment and component containers (i.e.
boxes, pallets, trays).

The elements to be adjusted on each workstation belong to two distinct groups:
(1) fixtures and tools, which are present on all workstations, so that the total setup
time increases if the number of stations rises; and (2) component containers and
quality control equipment, whose total number is independent of the number of
workstations. This distinction will be important for the modelling assumptions in
Chapter 4.

Setup times typically depend on both the outgoing model (model out) and
the incoming model (model in). Table 3.1 and Table 3.2 show the setup times
for product lines no. 6 and no. 7, respectively. This data was obtained by the
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Figure 3.11: Schematic diagram of The Cooktop Company manual assembly lines.

Cooktop Company production department by timing the changeovers. Note that

the setup times in the diagonal of the table (i.e. corresponding to a changeover

between models of the same product family) are greater than zero. This implies

that for product models within a product family—whose cycle times are assumed

identical—there are enough differences so that the workstations need to be adjus-

ted. In consequence, the Cooktop Company assembly lines need to be modelled as

multi-model AL.

Since the setup time of one station can (and usually is) different from another

station, during changeovers it is possible that one or many assembly line operators

must wait (idle) for an upstream station operator to complete his or her setup,
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Table 3.1: Setup time (min), double entry table for product line no. 7.

Model in

Model out 1702 1706 1703 1705 1701 1704

1702 3.52 5.20 4.88 7.76 9.20 4.80
1706 4.16 3.44 4.24 6.80 7.44 4.00
1703 4.24 4.88 3.36 8.24 8.00 4.24
1705 4.56 4.56 4.56 4.16 5.76 4.56
1701 4.88 4.88 4.88 5.60 5.04 4.88
1704 5.92 6.72 6.16 9.12 9.76 2.96

Table 3.2: Setup time (min), double entry table for product line no. 6.

Model in

Model out 2808 2802 2807 2801 2803 2806 2804 2805

2808 4.38 4.56 4.62 5.04 5.16 4.02 4.26 4.08
2802 4.38 4.56 4.44 4.74 4.8 4.02 4.26 3.90
2807 5.10 5.40 4.86 5.16 5.28 4.44 4.68 4.32
2801 4.80 4.98 4.80 5.04 4.80 4.44 4.62 4.26
2803 5.46 5.76 5.10 5.52 4.86 4.74 4.74 4.32
2806 5.28 5.58 5.34 5.76 5.88 4.38 4.98 4.8
2804 5.58 5.88 5.16 5.58 5.70 4.86 4.86 4.68
2805 6.48 6.78 6.12 6.54 5.52 5.76 5.76 4.86

or that an operator becomes blocked until a downstream station finishes its setup.
This leads to changeover losses, which are always equal to or greater than setup
times.

Changeover time is defined as the time employed by the assembly operators
from the moment the outgoing product model leaves the line until the first unit of
the incoming product model is finished.

Figure 3.12 depicts three product changeover situations when switching from
model b to model a (or vice-versa). Product models a and b present different cycle
times (CT,, CT}). In this example, four workstations (K7...J{s) process the last
units of a production batch (b, b,_1, ...) before needing to carry out setup activities
of duration T ;4. As soon as possible, each station starts assembling units of the
next model (aq, az,...).

Note that even if all station setup times are equal, changeover losses can occur
due to cycle time differences between the incoming and outgoing product models, as
shown in Figure 3.12a and Figure 3.12b. Note that buffer capacity (BC) in-between
assembly stations protects the line from changeover losses (see Figure 3.12¢, but
increases the line’s WIP and floor space occupation. The analytical model used
in the next Chapter 4 specifically focuses on realistically estimating changeover
losses because they become increasingly influential on assembly line performance
as batch sizes are reduced and product changeovers are more frequent as a result
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(b) Changeover with CT;,, > CToyt and no WIP (BC = 0): blocking time appears.
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(c) Changeover with CT;,, > CToyt and a WIP unit (BC = 1): reduced block time.

Figure 3.12: Changeover losses due to cycle time differences between the incoming and outgoing
product models. (a) Changeover with CT;,, < CToyt, which causes the apparition of idle times
which propagate as the number of stations grows. (b) Changeover with CT;,, > CToyut and no
WIP buffer between stations. Operators become blocked. (c¢) Changeover with CT;p, > CTout
and WIP buffer capacity (BC) of 1 unit between stations. Operators block time is mitigated by
WIP buffer.

of high-mix low-volume demand.
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3.4 Summary

In this chapter, a human-centred model was presented, explaining, from the point
of view of the assembly operator, which of its productive functions would be af-
fected by Industry 4.0 technologies. A clear differentiation appears between the
technologies used by the operator to perform its functions (hardware technolo-
gies), and the technologies used by the Production Support Departments —i.e., not
directly by the operators (software technologies). This chapter also introduced
the assembly operations performance evaluation framework to be used in all the
remaining chapters of this thesis, as well as two key available tools to do so: math-
ematical (analytical) models and discrete events simulation. Finally, The Cooktop
Company industrial study case of assembly operations facing high-mix low-volume
demand was presented.

This chapter makes two key contributions towards understanding how to in-
crease assembly operations productivity and flexibility under high-mix low-volume
demand:

1. Based on an operator-centred Industry 4.0 framework specific to manual as-
sembly operations, a clear classification between Industry 4.0 digital tech-
nologies according to their relationship with assembly operators. Hardware
technologies (e.g. collaborative robots, augmented/mixed reality) are in dir-
ect contact with the operators, as opposed to software technologies (e.g. big
data, machine learning, cloud computing), which are employed by supporting
departments and only indirectly affect assembly operators.

2. The most relevant input and output variables to be used using a sound general
analysis framework have been established.

The following Chapter 4 employs mathematical modelling for a preliminary
evaluation of manual assembly systems to identify the most critical factors affecting
these systems’ performance. A simulation model is developed in Chapter 5 for a
more detailed analysis of flexible assembly operations.



CHAPTER 4

|dentifying the critical factors: mathematical model

This chapter introduces a mathematical analytical model which focuses on product
changeovers of assembly lines. The model is then employed along with Design
of Experiments techniques for investigating the most critical factors to flexible
assembly systems performance. The goal of this preliminary study is to lay the
foundations for the analysis of improvement opportunities in the assembly line
design.

Section 4.1 explains the model’s assumptions and scope, based on the frame-
work introduced in Sections 3.1 and 3.2. Section 4.2, which was published as a
conference article in 2021, applies the mathematical model to the industry study
case of Section 3.3 along with Design of Experiments techniques to identify the
most critical factors affecting the system’s KPIs. Sections 4.3 and 4.4 expand on
the validation of the mathematical model and the significance of one of the model-
ling assumptions regarding changeover time losses. Finally, Section 4.5 summarises
the chapter and presents its contributions.

4.1 Realistic changeover mathematical modelling

A mathematical analytical model was developed, focusing on the product changeover
time losses of multi-model assembly lines. It allows us to calculate changeover
lost times quickly and accurately, which are typically underestimated by assuming
they are approximately similar to setup times (T, ~ Ts). This is particularly
relevant when considering that high-mix assembly lines imply large variations in
product cycle times (i.e. high work content ratio, WCr) and frequent changeovers.
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Moreover, large W Cp results in acute sequence-dependent changeover times which
are rarely modelled as such. This simplified mathematical formulation enables
a quick initial assessment of the assembly lines’ operational KPIs with low com-
putational and professional time costs compared to setting up a discrete events
simulation model or employing advanced mathematical formulations.

The main area of application of this model would be high-mix low-volume
demand scenarios where product changeovers are very frequent and constitute a
major driver of line productivity. Devised as a preliminary assembly operations
design tool, this model also allows for a more precise evaluation of changeover times
—as a function of incoming and outgoing product models, number of WIP units,
number of workstations, etc.— to be used as input data in optimisation techniques
for scheduling approaches (e.g. travelling salesman scheduling problem).

The following Section 4.1.1 introduces the model scope and assumptions, and
then Section 4.1.2 provides details of the deterministic algorithm that were not
included in the conference article of Section 4.2.

4.1.1 Mathematical model assumptions, scope and algorithm

The main disadvantage of mathematical models is their stated assumptions, as they
may not be valid in—or accurately represent—the real world [269]. The mathem-
atical model developed is based upon the underlying assumptions, expressed in the
terms of the assembly line classification by Boysen et al.[268]:

e Product precedence: multi-model line, since setup times are not negligible
and are sequence-dependent. Setup times per station are constant, regardless
of the number of workstations.

e Processing times are considered static and deterministic.

e The movement of workpieces is paced, and the time required for it is negligible
compared to the assembly processing times.

e Strictly single-line layout.

e Neither type of parallelisation is present.

e Buffers: the model features limited capacity WIP buffers in-between work-
stations.

The scope of the model can also be expressed using the operator-centred frame-
work detailed in the previous Section 3.1. As shown in Figure 4.1, this model
includes the human operators (innermost layer of the framework), three out of
the four main operator functions (second layer: assembly, changeover and quality
control), and only incorporates the assembly elements of the third layer directly
related to the assembly functions: workpieces, workstations, fixtures. Although
this mathematical model takes quality control into account, it neither includes any
considerations regarding the equipment employed to carry it out nor requires any
interaction with the quality control department (fourth layer of the framework).
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Figure 4.1: Scope of the mathematical model illustrated using the operator-centred conceptual

framework.

Algorithm 1 Deterministic performance evaluation in terms of productivity,
throughput and batch lead time in paced multi-model serial assembly lines with K
stations, end of line quality controls and changeovers between batches of different

product models.

: Input: K, Q, WC(m), LB(m), FTY (m)

: Output: Prevour, LTB, Th

: for all product models m do
Calculate cycle time

end for

for batch i of product model m do
Calculate time to build conforming units
Calculate time to build defective units
Calculate total time to build the batch 4

© PO NP

—
<

Calculate time recovered

: end for

: Calculate average labour productivity
: Calculate maximum batch lead time

: Calculate average throughput

= e

Calculate total time to complete the batch ¢ including changeover
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The mathematical model, whose formulation is listed in the next section
(Equations 4.1-4.9), is expressed by Algorithm 1. It uses the following logic, ac-
cording to the assumptions previously stated:

1. Workpieces are processed in a serial assembly line with buffers between the
stations.

2. Each station processes units of a certain product model until a batch is com-
pleted.

3. Then, a setup must take place to make the station ready for assembling a
different product model.

4. An end-of-line quality control determines if a product is defective. Thus, the
assembly line will assemble, on average, more units than the final number of
conforming products.

4.1.2 Changeover time estimation algorithm

As mentioned in the previous chapter, the manual assembly lines under study
experience changeover time losses due to the necessary setup activities between
batches of different products. These activities consist mainly of three groups of
tasks: fixtures, tools and component containers.

The necessary time to perform the setup tasks depends on the outgoing and
incoming product models as well as the particular workstation. However, while the
time required to adjust fixtures and tools depends on the assembly line number of
stations, the time needed to swap the component containers only depends on the
outgoing-incoming models duple. The mathematical model which will be presented
in the next Section 4.2 assumes that the setup time is directly proportional to the
number of stations, which might be overstating the setup time losses of longer
assembly lines—featuring a greater number of stations—compared to shorter lines.
The impact of this assumption will be further analysed in Section 4.4.

Setup time is not the only possible source of changeover time losses. When the
cycle time of the incoming product is different from that of the outgoing product,
additional losses can occur —illustrated by Figure 3.12— as a result of idle or blocked
operators. This effect can be mitigated by the existence and capacity of WIP buffers
between stations.

The mathematical model described in 4.2.2 presents the analytical equations to
estimate the assembly line performance measures. However, it lacks the formulation
of the changeover losses algorithm, which will be used in Equation 4.5, following
Algorithm 2 shown below.

The key assumptions for this algorithm are the following:

1. Operators start the setup activities as soon as they finish the last unit of
the previous batch (i — 1), without needing to wait for the first unit of the
incoming model (7) to arrive at their workstation.
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2. To start the assembly of the first unit of the incoming product, operators

need to have completed the setup of their corresponding workstations, and
that the unit has been finished by the previous station.

. If the incoming model is faster—i.e. CT; < CT;_1, the operators may become
blocked. For example, if the setup times are equal across all workstations,
the first operator would finish the first unit of the incoming batch before the
following operator has finished the setup (cf. Figure 3.12b). This is affected
by the WIP buffers between stations (Figure 3.12c).

. If the incoming model is slower—i.e. CT; > CT;_1, the operators may be-
come idle. This case has a greater effect on changeover losses because the
waiting time at each station becomes larger as the number of stations in-
creases (Figure 3.12a).

Algorithm 2 Deterministic estimation of total changeover time losses (7,,) from
product model ¢ —1 to model ¢ in paced serial assembly lines with K stations (index
k) and limited WIP buffer capacity (BC) between stations.

[ e e R e R R T o

21:
22:
23:
24:
25:
26:
27:

28

© P NP

Input: CT;_,, CT;, K, Ts(i — 1,4, k), BC
Output: Total changeover time loss from batch ¢ — 1 to i.
for each workstation k£ do
if k=1 (first station) then
Start time of last unit of batch i — 1 set to zero
Calculate finish time of batch i — 1
else if k € {2,.., K} (subsequent stations) then
Calculate start time of last unit of batch i — 1
Calculate finish time of batch ¢ — 1
end if
Calculate end of setup
Calculate start time of first unit of batch ¢
Calculate finish time of first unit of batch ¢
if CT;_1 > CT; then > Potential block, see Figure 3.12b
if k€ {1,.., K — 1} (any station except the last one) then
Calculate changeover time loss
else if k = K (last station) then
Calculate changeover time loss
end if
else if CT;_1 < CT; then > Potential starvation, see Figure 3.12a
if k=1 (first station) then
Calculate changeover time loss
else if k € {2,.., K} (subsequent stations) then
Calculate changeover time loss
end if
end if
end for
Calculate total changeover time lost
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4.2 Labour productivity in manual assembly

This section includes the conference article presented at the 9th Manufacturing
Engineering Society International Conference (MESIC) in June 2021 [274].

After the article abstract below, the following subsections correspond to the
article’s Introduction (4.2.1), Methodology (4.2.2), Results (4.2.3) and Discussion
and Conclusion (4.2.4). The following Section 4.3 includes further details of the
validation results and the experiment design that were not incorporated in the
article.

Article title:
Labour productivity in mixed-model manual assembly 4.0
Article abstract:

Manual assembly lines productivity is threatened by the increased com-
plexity brought by mass customisation demand trends. Industry 4.0
offers potential solutions to address this situation, but the methodo-
logy to implement it is still a subject of study. As a preliminary step,
this article aims to identify the dominant factors affecting the Key Per-
formance Indicators of mixed-model assembly lines. To do so, paramet-
ric and discrete-events simulation models were developed, and Design
of Experiments techniques were used. The results show that the key
drivers for assembly line performance are number of work stations and
batch size, and that increasing the work content ratio of the products
assembled does not interact negatively with other factors. The results
presented here pave the way for developing Industry 4.0 projects that
address specifically the most relevant factors that affect assembly lines
performance.

4.2.1 Introduction

The demand trends in the recent decades are the mass customisation of products
or even the mass personalisation of goods [28]. The growing number of available
options for both final consumers and industrial customers requires focusing on in-
creasing the flexibility of assembly systems while maintaining high productivity
levels [13, 165]. The advances in new digital technologies that could bring forward
a 4th industrial revolution were conceptualised under the tag ‘Industry 4.0’ by a
German strategic programme, and are namely: Big Data and Analytics, Autonom-
ous robots, Simulation, Horizontal and vertical system integration, the industrial
Internet of Things, Cybersecurity, The Cloud, Additive Manufacturing and Aug-
mented Reality [8]. Some of these technologies arrive with the promise of new
opportunities for assembly systems design and operations, allowing them to ful-
fil the latest market requirements [24]. In particular, manual assembly lines and
cells show potential for improvement when facing the complexity associated with
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producing a large number of products — or variants of similar products [74].

Despite new technologies have been developed and their potential benefits have
been outlined, implementation methodologies are still a hot topic [27]. The focus
in this article is therefore to identify the dominant factors affecting the mixed-
model manual assembly lines Key Performance Indicators (KPIs) — such as labour
productivity, line capacity and lead time — as a preliminary step in order to ensure
that Industry 4.0 implementation projects address the right areas, ensuring that
the operational business goals are achieved.

From the initial analysis of the situation, a list of relevant factors was put
together along with the operational KPIs that measure the system performance:
productivity, lead time and line capacity. Design of Experiments (DoE) is used to
find out which factors and their interactions have the greatest effects on the KPIs,
and therefore are more important for the system performance. DoE allowed to
prepare two phases of analysis: Screening (I) and Interactions (II).

Aiming at exploring how to use a commercial software for mixed-model as-
sembly line simulation, an initial parametric model was used as reference, fol-
lowed by a second model which uses a commercial simulation package (Methodo-
logy, Section 4.2.2). In both cases, parametric—MATLAB®—and simulation—
FlexSim®software tools are employed to calculate the Output KPIs from differ-
ent values of Input factors (Results, Section 4.2.3). The results of the two models
are compared and conclusions are extracted, along with a final discussion of the
limitations and future outlines of this study (Discussion and Conclusions, Sec-
tion 4.2.4).

Data from a real case of study is used to validate the results of the analysis.
The input data for the simulation is based on the situation of a manufacturer of
white goods located in northern Spain. The company is evaluating merging two
mixed-model manual assembly lines into one, which would increase the complex-
ity of managing the line, but could bring operational performance benefits if done
correctly — especially in terms of labour productivity, without compromising oper-
ators working conditions or product quality. Industry 4.0 would be the enabler of
such complexity-dealing transformation, but it is deemed necessary to ensure that
the investment only targets the critical elements that would allow improving the
desired KPIs.

4.2.2 Methodology

This section presents declares the input variables and output KPIs used, describes
the two analysis models developed and their verification, and the Design of Experi-
ments to be used in the next section. Figure 4.2 summarises all of this information
and schematises the followed methodology considered in this study.
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INPUT VARIABLES ANALYSIS MODELS OUTPUT KPIs
Number of stations
Max WQrI(-In-Process > parametric model: MATLAB® ‘\ 5 Labour Productivity
Setup time
Work Content ratio - Lead Time
Batch size
First Time Yield »  Discrete events model ’O’Q’FLEX » Throughput

solved.

Line balance

DoE Phase | — Screening  DoE Phase Il — Interactions

Figure 4.2: Diagram of Input factors and Output KPIs used for the analysis of mixed-model
manual assembly lines.

Variables considered

Aiming to explore the effect of various relevant factors on mixed-model manual
assembly lines, the following seven were selected for this analysis: Number of
workstations, maximum Work-in-Process buffer capacity between stations (BC),
Changeover Time, Work Content Ratio between different models, Batch size, First
Time Yield (FTY) and Line Balance. Factors related to internal logistics, lack of
Quality and Overall Equipment Effectiveness (OEE) of assembly equipment were
not considered in this study in order to keep the models simple, and they will be
included in future research. The KPIs of interest are three:

e Labour productivity (Prapour, %): ratio of operator value added time over
the total time employed.

e Batch Lead Time (LTg, hours): time to assemble a complete batch of product.

e Throughput (Th, units/hour): average output of the assembly line per unit
of time.

Table 4.1 includes the input and output variables with the abbreviations used
in this article, as well as the base values from the industrial case study. The work
content ratio used is the result of dividing the maximum work content by the
minimum work content used in a given scenario.

Models for Analysis

In this work, two models have been used. A simple initial model was developed
in order to establish a baseline to which compare later and more complex models.
Such model needed to be versatile and scalable, so the parametric tool MATLAB®)
was used. Aiming at exploring the potential gains of using commercial software for
mixed-model assembly line simulation, the free version of the software FlexSim®)
was chosen.

Parametric model: MATLAB®. A parametric model was employed to
calculate the KPI values as a function of the input factors. The software package
MATLAB® (R2019b, The MathWorks Inc., Natick, MA, United States) was chosen
to implement an algorithm relating the variables presented before.
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Table 4.1: Input variables and output KPIs used in models.

Type Description Notation Case study base values

Input Number of Stations K 4 stations
Work-in-Process buffer capacity BC 1 unit
Station setup time Ts 480 s
Line balance LB 99%
First Time Yield FTY 95%
Batch size Q 48 units
Number of models built in the line M 4 models
Work Content wc 600 ... 1400 s
Work Content ratio WCgr 1-2
Cycle time cT ~ 150 ... 350 s

Output  Labour Productivity Prabour ~ 90%
Lead time LTp ~5h
Throughput Th ~ 10 units/h

Firstly, for each product model m, the cycle time is calculated based on the
work content (W ('), number of stations (K') and line balance (LB) - Equation 4.1.

wcC
K-LB

T = (4.1)

For each model m, the time employed to build correct and defective units
are calculated using Equation 4.2 and Equation 4.3, which use the batch size (Q),
number of stations (K), cycle time (CT') and first time yield (FTY).

Teorrect = Q K -CT (42)

Tdefects = Q “K-CT- (1 - FTY) (43)

For each model m, the time used to build the batch is given by the time to
build correct and defective units, as shown in Equation 4.4. The time to complete
the batch (Teomplete) is calculated by adding the time spent on changeovers (1¢,)
and the time to build the batch, as shown in Equation 4.5.

Towita = Teorrect + Tdefects (44)

Tcomplete = Thuitd + Teo (45)

For each model m, the time recovered (spent assembling correct products) is
found using the work content and the batch size, as shown in Equation 4.6.
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Trecovered =WwcC- Q (46)

The KPIs can be calculated using Equations 4.7-4.9. Labour Productivity
(PLabour) is determined by the sum of time recovered and the sum of time to
complete all batches of products. Batch Lead time (LTg) is calculated as the
maximum time to complete a batch, and Throughput (Th) is worked out from
batch size (@), number of models (M), number of stations (K) and the sum of
time to complete all batches of products.

M
_ Zi:O Trecovered,i

PLabour - (47)
Zij\io Tcomplete,i
LTp = max {Tcompicte,i } 5y (4.8)
- M - K - 3600
- @ (4.9)

<M -~
Zi:o Tcomplete,i

Discrete events model: FlexSim®. FlexSim® is a 3D discrete events
simulation software for modelling and analysis of manufacturing, operations and
logistics systems.

The simulation results were contrasted against the output from the paramet-
ric model described in the previous subsection. The free licensing version of the
simulation software led to several limitations: (1) a maximum of 30 simulation ele-
ments, e.g. stations or buffers; (2) the maximum process flow activities is 35; (3)
changeover activities do not start until the new batch of units arrives to a worksta-
tion, causing unrealistic additional idle time; (4) the number of different random
seeds are limited to just one, preventing any variability analysis.

Due to the aforementioned limitations, two different simulation configurations
were used: Configuration A and B. Configuration A maintains the FTY at 100%—
disregarding the effects of poor Quality—but in return, allows to overcome the
unrealistic changeover limitation mentioned previously. This configuration does not
consider BC as a factor neither, since the only source of variability (poor Quality)
is neglected. Configuration B considers FTY: two Quality Control checkpoints are
implemented in this configuration to evaluate whether a unit has defects, and if
this is the case, the unit is sent back to the previous assembly station for in-line
reworks, as shown in Figure 4.3.

Verification of the models

In order to compare the two models described previously—parametric and discrete
events simulation—a base scenario made of the 7 input factors was used for each
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Figure 4.3: FlexSim® simulation model used for Configuration B.

configuration (A and B). From this base scenarios, 24 additional scenarios were
generated by changing just one factor at a time (—1 and +1 levels), 10 scenarios for
Configuration A and 14 for Configuration B. The results of two KPIs (Productivity
and Lead Time) were registered to compare the performance of the two models.
Both models obtain comparable results for productivity and lead time: the average
difference is 2.39%, the standard deviation is 4.58% and the maximum difference
is 19.45%, corresponding to the particular case of a large number of workstations,
which causes abnormally high idle times during changeovers in the FlexSim® model
Configuration B.

Design of Experiments

Considering the relatively high number of factors (k = 7 factors, as show in Fig-
ure 4.2), the analysis of their interactions and effects on the selected KPIs would
require a great number of experiment runs (n¥): 27 = 128 experiments for two
levels (n = 2) per factor, or 37 = 2,187 experiments for three levels (n = 3) per
factor. Instead, the analysis was structured in two phases [275]: screening (I) to
identify most relevant factors; and analysis of interactions (II) — summarised in
Table 4.2.

Table 4.2: Design of Experiments employing two phases due to the large number of factors
involved.

Ph Goal Experiment No. of No. of No. of
ase oa Design factors (k) levels (n) runs
I — Screening Identify most Fractional 7 2 16
relevant factors Factorial
II — Interactions  Analyse influence  Full Factorial 3 3 27

and interactions

The values used for each level (—1), (0) and (41) were chosen by modifying the
industry case study values and stretching them slightly beyond what the company
considers achievable in the short term, in order to include minimum and maximum
range values for each factor.

Phase I — Screening. The Screening phase employs a Fractional Factorial
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design for 7 factors with 2 levels per factor. Table 4.3 shows the values used for
each factor.

Table 4.3: Values used for each factor in the DoE phase I — Screening: Fractional Factorial.

Values
Factor Code -1 +1
Batch Size A 12 units 48 units
Number of Stations B 3 8
Max Work-In-Process C 0 1
Line Balance D 95% 99%
Station setup time E 300 s 600 s
First Time Yield F 95% 97%
Work Content ratio G 2 3

Phase IT — Analysis of Interactions. The Analysis phase consist of a Full
Factorial design of 3 factors with 3 levels per factor. The three factors chosen for
this phase resulted from analysing the results from the Screening phase. Table 4.4
shows the values used for each factor in phase IT - Analysis. The other 4 factors
that were not studied in this phase remained fixed at their 0 values.

Table 4.4: Values used for each factor in the DoE phase II — Interactions: Full Factorial.

Values
Factor Code —1 0 +1
Batch Size A 12 units 24 units 48 units
Number of Stations B 2 4 8
Work Content ratio G 1 2 4
Max Work-In-Process  Fized 0 1
Line Balance Fized - 95% -
Station setup time Fized - 480 s -
First Time Yield Fized - 95% -

4.2.3 Results

The methodology described in the previous section allowed to obtain the following
results for each phase of the study.

Phase I — Screening

The experiment results of the design described in Table 4.3 calculated using the
MATLAB model described in Subsection 4.2.2 are shown in Figure 4.4 and Fig-
ure 4.5.

From the results shown in Figure 4.4, it can be inferred that the two most
relevant factors are the Number of Stations (which affects all three KPIs) and the
Batch size, which affects Labour Productivity and Batch Lead time.
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Figure 4.4: Phase I — Screening: Absolute half-effects of input factors on (a) Labour Productivity,
(b) Batch Lead Time and (c¢) Throughput in a Fractional Factorial experimental design.

Phase IT — Analysis of interactions

In this phase the focus is the interaction between the most influential factors,
namely Number of Stations and Batch size. Since one of the initial goals of the
study was to assess the viability of merging two manual assembly lines into one,
which would increase the number of models being made and therefore increasing the
Work Content ratio of the newly formed assembly line, a third factor—W Cgr—was
introduced at this stage of the analysis.

The results of the DoE described in Table 4.4 calculated using the MATLAB
model described in Subsection 4.2.2 are shown in Figure 4.6. The parametric
model was employed because it had been developed specifically to analyse these

interactions.

The results presented in Figure 4.6a—c show that although the interaction of
factors A (Number of stations) and B (Batch size) is relevant for assembly line
Productivity and Lead time, it is secondary to the separate effects of any of the

two factors.

4.2.4 Discussion and Conclusions

The results presented in Section 4.2.3, obtained following the methodology de-
scribed in Section 4.2.2 allow to reveal the most impactful factors affecting the
performance of manual assembly lines in terms of Labour Productivity, Batch Lead
Time and Throughput. Two models were developed, which results are comparable:
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Figure 4.5: Phase I — Screening: Average effects of input factors on (a) Labour Productivity, (b)
Batch Lead Time and (c¢) Throughput in a Fractional Factorial experimental design.

the average difference is 2.39%, the standard deviation is 4.58% and the maximum
difference is 19.45%.

It was found that the two most critical factors are the Number of stations and
the Batch size. It is important to note that both factors have opposing effects on
two of the KPIs — i.e. the increase of Labour Productivity and reduction of Batch
Lead Time cannot be optimised simultaneously by changing these two factors alone.

The great importance of the Number of stations is partially explained by
the assumption that any additional station needs a changeover time of a similar
order of magnitude to that of the existing stations, which may not always be the
case. In consequence, the only way of maintaining a high labour productivity when
increasing the number of stations (to merge two assembly lines into one or in order
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Figure 4.6: Phase II — Interactions: Pareto charts for values of half-effects of number of stations
(K), batch size (Q) and work content ratio (WCg) on (a) Productivity, (c) Lead Time and (e)
Throughput; and average effects of K, Q, WCg on (b) Productivity, (d) Lead Time and (f)
Throughput in a Full Factorial experimental design.

to reduce the Lead time) relies on decreasing the changeover time per station to
ensure that the total changeover time incurred remains constant or decreases.

The results presented in this article show that an increase in product variety
— represented by the variable Work Content ratio — does not interact negatively
with any of the two key factors, which suggests that merging two manual assembly
lines into one would not suffer from additional Productivity losses. The potential
impact of this finding for multi-model assembly lines lies on the assumption that the
stations changeover times would not significantly increase as a result of introducing
additional models.

In order to maximise the return of investment of any Industry 4.0 solution,
they should be aimed at the most influential factors identified before: (1) to address
the productivity loss due to the increase in Number of stations required to increase
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Throughput and reduce Lead Time, collaborative robots could be integrated in
the line. Alternatively, (2) to ensure that the total changeover time remains con-
stant despite an increase in the number of stations, cognitive support to complex
or infrequent changeover operations could be provided by Augmented or Mixed
Reality.

Future research in this field could focus on enhancing the analysis models by
using discrete events software actually incorporating variability, and expanding the
model to incorporate the internal logistics constraints due to an increased number
of different models in smaller batch sizes. Another potential research route would
be scanning the current state of the art Industry 4.0 technologies to find compatible
matches for the identified areas as preliminary step before implementing Industry
4.0 technologies in the assembly lines.

4.3 Details of DoE and model verification

This brief section includes some details on the mathematical model verification
and the design of experiments used in Section 4.2 that were not included in the
conference article [274].

4.3.1 Details of experiment design
Phase I — Screening

Table 4.5 shows the experiment design used for the screening phase of the analysis.
It is a fractional factorial design of seven factors (k = 7) and two levels per factor
(n = 2), which results in 16 experiment runs. The factor codification and values
used for the experiments are detailed in Table 4.3.

Table 4.5: Phase I - Fractional Factorial experiment design with seven factors and two levels [275].

Q K BC LB T. FTY  WCr

Run A B c D E G
1 + + + + + +
2 + + + - + - =
3 + + - + - - +
4 + + - - - + -
5 + - + + - -
6 + - + - - + +
7 + - - + + + -
8 + - - - + - +
9 - + + + - + -
10 - + + - - - +
11 - + i + + i i
12 - + - - + + +
13 - - + + + - +
14 - - + - + + -
15 - - - + - + +

[
[=2]
'
'
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Phase IT — Analysis of interactions

The second phase of the analysis investigates the interactions between the most
important factors identified in Phase I-——the number of stations (K) and batch size
(Q)—in addition to the work content ratio (WCr). This phase used a full factorial
experiment design with three factors (kK = 3) and three levels per factor (n = 3),
which results in 27 experiment runs, as shown in Table 4.6.

Table 4.6: Phase II - Full Factorial experiment design with three factors and three levels [275].

Q K WCr
Run A B G AB BG AG ABG
1 + + + + + + +
2 | | 0 \ 0 0 0
3 + + - + - - -
4 + 0 + 0 0 + 0
5 + 0 0 0 0 0 0
6 + 0 - 0 0 . 0
7 + - 1 - + -
8 + - 0 - 0 0 0
9 + - - - + - +
10 0 + + 0 + 0 0
11 0 | 0 0 0 0 0
12 0 + - 0 - 0 0
13 0 0 1 0 0 0 0
14 0 0 0 0 0 0 0
15 0 0 . 0 0 0 0
16 0 - + 0 - 0 0
17 0 0 0 0 0 0
18 0 . . 0 1 0 0
19 - + + - + - -
20 - | 0 - 0 0 0
21 + - - - + +
22 - 0 + 0 0 . 0
23 . 0 0 0 0 0 0
24 . 0 . 0 0 + 0
25 - - + + - - +
26 - - 0 + 0 0 0
27 . - - + + + -

4.3.2 Mathematical model verification results

Several scenarios were used to verify the parametric model output against the
simulation model. The details regarding the input factors levels and the results of
such a comparison can be found in Table 4.7. A summary of the differences (A,
relative to the parametric model) can be found in Table 4.8.

Two simulation model configurations were used, A and B, as detailed in Sec-
tion 4.3.2. The results of two KPIs—labour productivity and batch lead time—were
used to compare the performance of the two models. It was found that both mod-
els obtain comparable results for these KPIs: the average difference is 2.39%, the
standard deviation is 4.58% and the maximum difference is 19.45%, corresponding
to the particular case of a large number of workstations, which causes abnormally
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Table 4.7: Preliminary verification of parametric and simulation models. Differences are relative to the parametric model.

Factors Parametric Simulation Difference (%)
. @ K BC LB Ts FTY wND@oﬁﬂ N\MJW NUhRmoﬁi N\NJW

Scemario (\its) (stations) (units) (%) (s) (%) O (%) (h) (%) (h) Pravour LT
A.Base 48 4 1 95 480 100 1.33 92.0 5.49 92.2 5.47 0.18 -0.4
A.l 12 4 1 95 480 100 1.33 84.0 1.71 84.6 1.69 0.78 -1.2
A.2 96 4 1 95 480 100 1.33 93.5 10.53 93.6 10.52 0.07 -0.1
A.8 48 2 1 95 480 100 1.33 93.0 10.44 93.6 10.41 0.61 -0.2
A4 48 8 1 95 480 100 1.33 89.0 3.02 89.3 2.74 0.33 -9.3
A5 48 4 1 90 480 100 1.33 87.3 5.79 87.5 5.75 0.22 -0.7
A.6 48 4 1 99 480 100 1.33 95.8 5.28 95.9 5.27 0.10 -0.2
A7 48 4 1 95 300 100 1.33 93.0 5.44 93.2 5.42 0.19 -0.3
A.8 48 4 1 95 600 100 1.33 91.3 5.52 91.5 5.51 0.18 -0.3
A.9 48 4 1 95 480 100 1.00 91.9 4.14 91.8 4.13 -0.14 -0.2
A.10 48 4 1 95 480 100 4.00 91.8 16.21 92.3 16.15 0.54 -0.4
B.Base 48 4 1 95 480 95 1.33 87.8 n/a 87.8 n/a 0.00 n/a
B.1 12 4 1 95 480 95 1.33 80.4 n/a 70.2 n/a 11277 n/a
B.2 96 4 1 95 480 95 1.33 89.1 n/a 88.2 n/a -1.03 n/a
B.3 48 2 1 95 480 95 1.33 89.1 n/a 86.9 n/a -2.47 n/a
B.4 48 8 1 95 480 95 1.33 85.1 n/a 68.5 n/a 11945  n/a
B.5 48 4 0 95 480 95 1.33 87.7 n/a 80.5 n/a -8.22 n/a
B.6 48 4 3 95 480 95 1.33 87.8 n/a 86.9 n/a -0.98 n/a
B.7 48 4 1 90 480 95 1.33 83.2 n/a 81.7 n/a -1.86 n/a
B.8 48 4 1 99 480 95 1.33 91.4 n/a 87.6 n/a -4.16 n/a
B.9 48 4 1 95 300 95 1.33 88.7 n/a 89.0 n/a 0.35 n/a
B.10 48 4 1 95 600 95 1.33 87.1 n/a 83.6 n/a -4.02 n/a
B.11 48 4 1 95 480 75 1.33 74.1 n/a 73.7 n/a -0.59 n/a
B.12 48 4 1 95 480 99 1.33 91.4 n/a 87.6 n/a -4.16 n/a
B.13 48 4 1 95 480 95 1.00 87.7 n/a 84.1 n/a -4.12 n/a
B.14 48 4 1 95 480 95 4.00 87.5 n/a 86.1 n/a -1.64 n/a
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Table 4.8: Summary of preliminary verification results. Relative difference (A) between paramet-
ric and simulation models expressed as a percentage of the parametric results.

APrabour (%) ALTp (%)
Model Mean SD Max Mean SD Max
Config. A 0.28 0.25 0.78 -1.20 2,57  -0.09
Config. B -4.34 522 19.45 n/a n/a n/a
Total -2.39 4.58 19.45 -1.20 2,57  -0.09

high idle times during changeovers in the simulation model Configuration B.

Further verification

The verification carried out so far employed two very limited simulation models. In
fact, two models were used because a single model could not have all the features
that would make it equivalent to the mathematical model. To address this problem,
a more complete simulation model was developed employing the same modelling
assumptions as the mathematical model uses. The characteristics of that model
are detailed in the next chapter’s Section 5.1, which provides insight into all the
simulation models employed in this thesis.

To perform further verification of the mathematical model, the experimental
design of Phase I was adopted. A total of 16 simulation runs were set up using the
parameters and levels previously stated, and the results of such simulations were
compared against the mathematical model. Figure 4.7 shows the outcome of this
comparison in terms of absolute values and differences relative to the parametric
model.

These results are summarised in Table 4.9. The results shown here indicate
that the absolute relative errors are small—less than 10%—and that, in general,
the mathematical model overestimates the value of the KPIs compared to the simu-
lation model. Having established that the parametric model produces very similar,
comparable outputs to the simulation model when under the same assumptions, the
following chapter will look into leveraging the advantages of discrete events simula-
tion to employ modelling assumptions that can better represent the real industrial
situation.

Table 4.9: Summary of further verification results of the parametric model compared to an

equivalent simulation model. Relative differences are expressed as a percentage of the parametric
model results.

KPI Mean | A | (%) SD|A| (%) Max|A | (%)
Prabour 4.22 1.71 1.38
LTp 4.88 3.38 1.11

Th 6.66 3.51 1.55
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4.4 Validation of 7; modelling assumption

One key assumption in the formulation described in Subsection 4.1.1 is that each
station’s setup time is constant, regardless of the number of stations (K). This
assumption is used to model how the setup time would change if the number of
stations of a manual assembly line is modified. The assumption used so far implies
that the total setup time is directly proportional to the number of workstations
(Al: T''  K). Although this assumption is adequate for modelling assembly
stations where fixtures are used on every station, this might not always be the
case. In assembly processes where the only changeover activities involve replacing
the component containers, a more accurate assumption would be that the total
setup time is constant. In this case, each workstation setup time could be estimated
by dividing the total setup time over the number of stations (A2: Tt = const).

Setup time modelling assumptions:

Al: The setup tasks only involve the fixtures on every station. Thus, T of each
workstation does not depend on the no. of stations. In consequence, the total
setup time is directly proportional to K.

A2: The setup tasks only consist on replacing component containers. Thus, the
total setup time is constant. In consequence, T, of each workstation is in-
versely proportional to the no. of stations K.

To understand the potential impact of this assumption on the DoE results, the
screening phase was done over under assumption A2, and its results were compared
to the ones already presented in Section 4.2.3. Table 4.10 shows the comparison of
the two assumptions for modelling the setup times of the assembly workstations,
using parametric and simulation models. This table includes the mean and max
absolute differences of three operational KPIs for assumption A2 compared with
assumption Al.

Table 4.10: Average and maximum relative differences between modelling assumption A2 com-
pared to assumption Al, calculated using the parametric model.

KPI Mean | A | (%) Max | A | (%)
Prabour 3.3 11.0
LTp 3.0 7.7
Th 5.0 9.1

The results shown in Table 4.10 suggest that although the mean differences
are relatively small (5% or smaller), the max differences could be considerable,
especially for Prqpour and Th, which present max relative differences of 11.0 and
9.1% respectively. However, these differences do not necessarily imply that the
conclusions of the DoE would change. To ascertain the impact of assumption A2
on the DoE outcome, the average effect charts were plotted in Figure 4.8.

These results suggest that the chosen modelling assumption had little impact
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Figure 4.8: Screening Design of Experiments comparison of average effect of factors under two
different modelling assumptions. (a) Productivity, (b) Lead Time and (c¢) Throughput.

on the outcome of the DoE screening phase, because they lead to the same conclu-
sion regardless of the assumption used.

4.5 Summary

This chapter presented a simplified analytic model which uses a set of equa-
tions to evaluate the operational performance of manual or semi-automated multi-
model assembly lines. Specifically, the model’s deterministic formulation focuses
on changeover time losses, a key performance driver under high-mix low-volume
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demand. An exploratory analysis was conducted based on the industrial case study
presented in Section 3.3. It employs a two-phase design of experiments to determine
the most influential factors on the performance of such assembly lines, measured
using three KPIs: throughput, batch lead time and labour productivity.

The results revealed that the two most critical factors are the Number of
stations and the Batch size. It is important to note that both factors have opposing
effects on two of the KPIs: the increase of labour productivity and reduction of
batch lead time cannot be optimised simultaneously by changing these two factors
alone.

However, this analytic tool is limited by its inability to easily incorporate
stochastic sources of variability and disturbances. To study the cases where vari-
ability is a key feature of manual assembly lines, such as the industrial study case
of The Cooktop Company, more powerful analysis tools are needed.

Finally, this chapter assessed the impact of a key modelling assumption: the
relationship between the number of stations and the total setup time. It was found
that this assumption bears no significant weight, and therefore can be relaxed in
future modelling situations.

Thus, this chapter makes five key contributions:

1. Proposed a simple analytic model for the performance evaluation of multi-
model assembly lines which is easy to implement and sufficiently capable for
preliminary analysis.

2. The Design of experiments results show that the two most critical factors for
the operational performance of multi-model assembly lines are the number
of stations and the batch size. Considering the mass customisation demand
trends, there are —and will be— strategic advantages to further reducing the
production batch sizes. This leads to the conclusion that looking at designing
flexible assembly lines with a reduced number of stations would be a way to
enhance productivity and mitigate the negative effect of frequent product
changeovers.

3. Since reducing the number of working stations implies a reduction of max-
imum line capacity, an obvious way to maintain production capacity flexibility
would be to consider shorter parallel assembly lines.

4. Further study of the influence of the total setup time - number of stations
relationship led to the conclusion that this modelling assumption does not
affect the results of the previous analysis.

5. The simplified mathematical model used in this chapter presents limitations
making it difficult to incorporate in-depth features, such as variability, and to
expand the model to include supporting departments, such as in-plan logistics
or maintenance.

The mathematical model’s limitations in terms of variability and disturbances
led to the development of a flexible assembly model using discrete events simulation,
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which is covered in the next Chapter 5.

As a consequence of the key finding of this chapter, the assembly lines design
presented in Chapter 6 focuses on integrating automated stations with short par-
allel lines to avoid the negative effects of a high number of workstations while
maintaining the capability to change the production rate efficiently.



CHAPTER b

Simulation approach and models validation

To address the limitations of the mathematical model presented in Chapter 4, this
chapter introduces discrete events simulation (DES) models to evaluate the per-
formance of flexible assembly systems. The DES models are capable of overcoming
the most important limitations of the analytical model: they can easily incorporate
variability and stochastic disturbances, they allow different manners of operator-
workstation interaction, and they can integrate supporting departments, such as
in-plan logistics or quality control.

First, Section 5.1 introduces the several DES models utilised in this thesis and
their key features. Second, Section 5.2 describes the process used to characterised
the industrial study case assembly lines variability, so that the simulation mod-
els can use accurate distributions to represent it. Then, Section 5.3 presents the
validation and verification of the DES modelling methodology using The Cooktop
Company case. Finally, Section 5.4 summarises the chapter findings and implica-
tions for the following chapters.

5.1 Simulation models used

Multiple simulation models were used to carry out the analysis described in this
thesis. Despite their differences, they all share a common modelling methodology
and a set of core features because their overarching goal is similar: the perform-
ance evaluation of assembly systems for high-mix low-volume demand. Table 5.1
includes a brief overview of the main features of each simulation model.
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Table 5.1: Key features of the performance evaluation models employed in this thesis.

Verification  Validation AL Design AL Logistics
Manual AL Manual AL (a) Manual FWAL Manual AL
(b) Semiauto FWAL & Logistics
(¢) Semiauto WWAL
(d) Parallel WWAL
Line Configuration
No Lines 1 1 (a, b, c): 1 2
(d): 2
No models 4 8 or 6 Input data Input data
No stations 3to8 4or3 (a): 2 to 8 10
(b, ¢): 8
(d): 16
No workers equiv. K equiv. K (a, b): equiv. K 10
(c, d): Parameter
No stations auto - - (a): - -
(b, ¢): 4
(d): 6
WIP buffers
Max WIP Parameter Parameter Parameter Parameter
Max WIP auto - - (a): - -
(b-d): Parameter
Demand
Batch size Parameter Input data Parameter Parameter
Work Content
‘Work Content Input data Input data Input data Input data
WC ratio Parameter Input data F.of WC, F. of WC
per model m
Processing Times
Line Balance Parameter Input data F.of K F. of T,
Cycle time Input data F.of T} F. of T}, F.of T},
per model m
Process time - Input data Input data, Input data
per model m
Setup time Parameter! Input data Input data, Input data
per model m
CO time Realistic Realistic Realistic Realistic
paced? unpaced? unpaced? unpaced?
Disturbances
Quality Parameter Parameter Parameter -
Rework time - - Out-of-Line® -
Process var - Parameter Parameter Parameter
Setup var - Parameter Parameter Parameter
Batch size var - - - Parameter
Components var - - - Parameter
Logistics
In-plant logistics - - - Y
KPIs
Output Y Y Y Y
Throughput Y Y Y Y
Line Productivity Y Y Y Y
Labour Productivity Y Y Y Y
Batch Lead Time Y Y Y Y
Unit Lead Time - - Y Y
Milkrun Utilisation - - - Y
Line Stock - - - Y
Additional details Chapter 4 Chapter 5 Chapter 6 Chapter 7
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Figure 5.1: Scope of the different simulation models illustrated using the operator-centred con-
ceptual framework: verification (a, yellow), validation (b, blue), assembly line design (c, red) and
assembly line logistics (d, green).

The scope of each simulation model related to the different layers of the
operator-centred conceptual framework presented in Chapter 3 is shown in Fig-
ure 5.1. Note that the validation model (blue) includes a few more features than
the verification one (yellow). In turn, the assembly line design model (red) incor-
porates one more feature than the previous model, which will be explained later on.
Finally, the logistics model (green) presents several fewer features—those related
with Quality Control— but expands by including components (parts, third layer)
and the logistics and planning department (fourth layer).

The first simulation model of this research project was used for preliminary
verification of the mathematical model presented in the previous Chapter 4. The
model is shown in Figure 4.3.

1Setup time either defined per station or as total T
2Function of (Ts, min, Mout, WIP)
3Rework time mean: 0.5 of WC
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Figure 5.2: Simulation model used to verify the mathematical model.

A more complete DES model was later used for a more in-depth verification, as
described in Section 4.3. The model employed there, shown in Figure 5.2a, was able
to overcome the previous limitations in terms of simulation elements, production
defects and the realistic changeover logic. Note that this model features end-of-

line quality control and that it can use between three and eight manual assembly
stations.
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(a) Simulation model used for validation, 3d view from FlexSim®.
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(b) Validation model key features.

Figure 5.3: Simulation model used for validation against the industrial case in Chapter 5.

To validate the simulation methodology against the industrial study case, two
models were built corresponding to The Cooktop Company’s product families no.
6 and no. 7 described Subsection 3.3.2. These DES models present a key difference
compared to the previous one: there are two in-line quality control stations, and
any defective units detected are sent for rework to a dedicated offline station, as
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shown in Figure 5.3a. Another difference compared to the previous model is the
introduction of process and setup time variability. The characterisation of the
industrial case assembly variability will be detailed in the next section.

In terms of the operator-centred framework, shown in Figure 5.3b, this model
incorporates the Production management supporting department (fourth layer)—
which deals with reworking defective units—and maintains all the features already
included in the previous simulation model used to verify the mathematical model.

To analyse the improvement opportunities brought by different assembly line
configurations, three main DES models are used: a manual assembly line such
as the previously presented, and two new ones which result from the addition of
two new features: automated stations and walking-worker interactions between the
human operators and the manual assembly stations. Figure 5.4 showcases the semi-
automated fixed-worker line, and Figure 5.5a depicts the semiautomated parallel
walking-worker lines, whose modelling assumptions will be detailed in Section 6.3.

Walking operator Automated QC station

-

Manual station Rework station — Automated assembly station

Figure 5.4: 3d view from FlexSim® of the simulation model of a semiautomated parallel walking-
worker assembly line (PWWAL), used in Chapter 6.

This simulation models feature unpaced assembly lines with stochastic pro-
cessing and setup times, which can lead to full WIP buffers (coloured red in the
figures) resulting in blocked stations, changeover times (purple stations) and idle
operators (grey stations).

As shown in Figure 5.5b, these models expand the scope of analysis by incor-
porating the workspace element (third layer), necessary to model walking-worker
interactions between human operators and assembly stations.
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Automated assembly station ———— Automated Quality Control station

WIP buffers Manual station Rework station

(a) Simulation model of semiautomated fixed-worker line, 3d view from FlexSim®.

Status & alerts.

Production data
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(b) Assembly line design models key features.

Figure 5.5: Features of the simulation model of a semiautomated fixed-worker assembly line
(FWAL), used in Chapter 6.

Finally, in the logistics model (Figure 5.6a) the scope is expanded. This model,
which lacks the quality control or automated stations of the previous ones, adds a
layer of complexity by including component consumption b<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>