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Abstract. The increasing of products variety is moving companies in rethinking
the configuration of their Assembly Systems (ASs). An AS is where the prod-
ucts are being configured in their different variants and its configuration needs
to be chosen in order to handle such high variety. Two of the most common AS
configurations are the straight-line and the U-shaped line. In this paper we want
to first determine and define, through a narrative literature research, which are
the factors that are relevant in order to compare these two AS configurations.
Additionally, with the advent of Industry 4.0 (14.0) technologies it is possible
that these new technologies have an impact on these factors. For this reason,
first, we investigated how 14.0 technologies impact these factors and then we
saw how the choice of the AS configuration, between straight-t line and U-
shaped line, change based on the impact of the technologies. The seven factors
here defined open the opportunity for future research challenges.

Keywords: Assembly System, Configuration, Straight-line, U-shaped line, In-
dustry 4.0.

1 Introduction

An AS configuration is a sequence of several workstations organized in a certain way
in order to assemble different parts to final products. The assembly process consists of
a sequence of typically ordered tasks which cannot be subdivided and should be com-
pleted at its assigned workstation [1]. The two AS configurations more used are the
straight-lines and the U-shaped lines [2, 3], Figure 1. A straight-line configuration is
represented by a sequence of workstations in a line. Simply rearranging the straight-
line into a U-shaped it is possible to obtain the U-shaped line. In both cases, there can
be a human worker in each workstation or there can be single workers managing more
workstations [4, 5]. However, in U-shaped lines, it is easier for human workers to
move from one workstation to another since they can move across both sides of the
line, allowing more flexibility and degrees of freedom in the number of workers that
can be assigned in these configurations with respect of the straight-line configura-
tions.



Fig. 1. Straight-line configuration (a) and U-shaped line configuration (b).

Traditionally, a straight-line is suitable for mass-production of standardized products
[6]. Because of the growing demand for customized products, in the last few years,
the products' variety is increased [7]. The U-shaped line is an example of layout that
can handle this increase of variety [8]. However, recently also straight-lines are
gained more importance in low volume production of customized products [9]. This
can complicate the decision process of which layout configuration to choose. Moreo-
ver, the introduction of 14.0 technologies in these configurations can have an impact
in this decision.
Industry 4.0 emerges from the synergy of the availability of innovative technologies
and the demand by consumers for high quality and customized products and it aims at
connecting resources, services, and humans in real-time throughout the production in
order to attain an advanced level of operational effectiveness and productivity, as well
as a higher level of automatization [10]. Its economic impact is supposed to be huge
[11]. It holds the promise of increased flexibility, better quality, and improved
productivity [12]. Industry 4.0 technologies are starting to be an integrated part of the
AS creating a new generation of AS, the so-called Assembly System 4.0 (AS4.0) [13].
The technologies that can be adopted from AS4.0 can be grouped into Collaborative
Robots, Augmented Reality (AR), Internet of Things (loTs), and Cloud Computing
and Data Analysis [13].
In literature is it possible to find some qualitative guidelines about when to choose an
AS configuration respect to another [14] and a work that gives an idea of factors that
can be considered is the one of [8]. The factors that [8] used are the number of tasks,
network density, and the cycle time. However, these are not the only factors that need
to be taken into consideration to compare straight-line and U-shaped line. Therefore,
we are going to look through a narrative literature review, at which are other factors
that need to be taken into consideration when one wants to compare the two configu-
rations.
This research is done in order to answer the following research questions:

1. Which are the factors that have to be considered in order to compare the two AS

configurations straight-line and U-shaped line?

2. How Industry 4.0 technologies impact on these factors?
The research wants to help companies that are facing the problem of the increase in
product variety, or that are simply thinking in changing their AS configuration, in
understanding which are the factors that they need to know in order to be able to
compare the two AS configurations. This to facilitate their decision process. The im-
plementation of the right Industry 4.0 technologies can give further help to companies
to reach their production performance but can also influence the factors. Therefore, it
is important to know if and how the technologies are going to impact on the factors.
The remainder of this paper is structured as follows. In Section 2 we explained the



methodology applied in the paper. In Section 3, we answered at the first research
question. In Section 4, we answered at the second research question and finally, Sec-
tion 5 concludes the work.

2 Methodology

In this paper, to answer at our two research questions, we conducted a narrative litera-
ture review. The keywords that we used for the research of the papers are presented in
Table 1. We used the Scopus database, searching only result in English as language
without limits in the document type and in the year of publications of the papers.

Table 1. The two groups of keywords used in the research

Assembly*, Assembly system, Line*, Straight
line, U shape, U shape*

Augmented reality, Cloud computing, Collabo-
rative robo*, Data analysi*, Internet of thing,
Assembly*, Assembly time, Quality, * time,
Products quality, Products variety

First group of keywords

Second group of keywords

These keywords were used as a single keyword or, most of the time, as a combination
of two, or more, words thanks to the operator “AND”. For example, one combined
research can be: “Assembly*” AND “Collaborative robo*”’.

3 Factor influencing the configuration selection

In this section with an inductive approach, we derived the relevant factors that a com-
pany has to know when it has to decide which is the best configuration for their AS
between straight-line and U-shaped line. Here below there is the list of identified
factors followed by an analysis of the selected papers which helped us to derived
them.

Cycle time: indicates the time elapsed between completions of two consequent units.
Number of tasks: it is the number of different activities that each operator must do in
each workstation and is a measure used to indicate the problem size for combinatorial
problems such as the SALB (Simple assembly line balancing) and UALB (U-shaped
assembly line balancing) problems.

Network density: calculating network density entails dividing the number of actual
precedence relationships by the theoretical maximum number of relationships that
could exist for a problem of that size. Extreme network density values of 0.0 and 1.0
correspond to flexible and rigid assembly sequences, respectively [8].

Products variety: is the number of different products that are assembled in an assem-
bly line.

Volumes variety: is the difference between the quantity to produce of a product one
day and the quantity to produce of the same product the following day.



Quiality: is the quality of the final assemble products that come out from the assembly
line.
Complexity of tasks: is the complexity of each task of the assembly process.

Following the definitions here above introduced, the papers found by the literature are
here presented in order to better explain the different factors.

In straight-line it is not easy as in U-shaped line to adapt to changes in cycle time.
This because of the high potential of rebalancing the U-shaped line with a new cycle
time and the reallocation of workers [6]. The productivity in straight-line is lower
than the one of U-shaped line when network density is high. Indeed, when the net-
work density is low is better to use straight-lines [8]. Straight-lines can guarantee less
flexibility in manufacturing volumes respect to U-shaped lines since in U-shaped lines
you can increase or decrease the number of operators on the line [15] and the quality
of final assembled products is usually better in U-shape lines [2]. The quality in U-
shaped is higher thanks to the improved visibility and communication between opera-
tors on the line, which facilitates problem-solving and quality improvement [16]. In
U-shaped lines usually, a human worker does more tasks than one in a straight-line.
As operator responsibilities expand to include more assembly tasks, operators are
used more efficiently when using a straight-line configuration [8]. This because more
are the different assembly tasks that one human worker must remember and higher
will be his mental workload. When a human worker has to walk from a workstation to
another one to do his work, the things to keep in mind are not only the time lost by the
worker to walk and his physical strain but there is also the possible congestion that
can be generate in the line by all the workers that have to move [4, 8]. This congestion
can be more problematic in the U-shaped line due to the limited space within the line
generating a lost in performance. The walking time of human workers not only influ-
ence the physical demand of workers and the congestion of the lines but adding it at
the processing time significantly increases the number of workers that are requested
in order to execute the assembly tasks [17]. U-shaped lines are a good choice when
the workers have to do repetitive actions and avoid keeping wrong postures during the
execution of their activities [18]. Moreover, the U-shape lines are more flexible than
the straight-lines, balancing by reducing the precedence relations thanks also to the
multiskilled workers that perform various tasks in different workstations along the
assembly line [19]. U-shaped workers are required to possess more skills than on
straight-lines [20].

In order to decide if a configuration is better than another one companies need Key
Performance Indicators (KPIs) or objective functions to measure (e.g. costs, flexibil-
ity, ergonomics, productivity). Therefore, companies need first to understand how
these functions are going to be influenced by the factors and then how to do multi
objectives analysis. It will be important to define one or more objective functions and
see how these factors impact the decision of the AS configuration. Future works can
be indeed related to the definition of these objective functions. Moreover, sensitivity
analyses can help to see how the variations of the different factors can change the
final decision of which configuration to choose.



4 The impact of Industry 4.0 technologies

In this section we are going to investigate the literature to understand how the 14.0
technologies impact the factors defined in the previous section. Collaborative robots
do not only improve the performance of the assembly lines [21], but they can also
help the human workers in reducing potential occupational risks like awkward pos-
tures, mental workload and repetitive actions [22]. This means better ergonomic con-
ditions in the assembly lines. Moreover, collaborative robots can reduce the surface
used and so decrease the distances traveled by the human workers [23]. The main
improvements that AR can give to assembly operations are the errors reduction and
time efficiency. However, researchers have different opinions about these two im-
provements [24, 25]. There are different opinions also in terms of usability of AR
technology. [26] showed how for the participants of their experiments were easier to
use paper instructions instead of the AR instructions displayed through Head-mounted
display. In [24], experiment’s participants instead, in terms of cognitive load, usability
and performance, preferred the AR-based instruction than the paper ones. 10T tech-
nologies can help companies with the management of the different variants and of the
different volumes of products to produce since the consumers can change their orders
until the last second and different consumers have different requests [27]. The data
collected from the 10T technologies can be analyzed thanks to Data analysis tech-
niques, like machine learning algorithms, and together with the Cloud Computing,
that can store data, manage data, and share data and information, the quality of the
final products can be guaranteed reducing also the time to do the inspection of the
products [28]. These technologies cannot only increase the quality of the final prod-
ucts but can also decrease the amount of scrap parts in a real industrial scenario, con-
sequently saving valuable resources such as energy and raw materials [29] increasing
the efficiency of the systems [30].

In Table 2 we can see which are the 14.0 technologies applied in the AS and we sum-
marized the effect of each technology in each factor.

Table 2. Impact of the 14.0 technologies on the factors.

Industry 4.0 technology

Factor | Coleborae | pugmeted || conpuig an

Data analysis
Cycle time Decreases Decreases/ Increases Decreases Decreases
Number of tasks / / / /
Network density / / / /
Products variety Increases Increases Increases Increases
Volumes variety Increases / Increases Increases
Quality Increases Increases Increases Increases
tC(’IicS)kmsplexity of Decreases Decreases Decreases Decreases




From Table 2 one interesting result that we can see is that there is a technology, AR,
that have “Decreases/Increases” as result. This result means that is not well known yet
the real impact of this technology with respect to the cycle time. In fact, at the mo-
ment the research with this technology regarding this factor are showing different
results. This can be related for example to the experience of the human workers in
using the technology or on how the AR instructions are designed and presented to the
human workers.

Based on the results of Table 2 we created Table 3. Table 3 gives the idea of how the
choice of the configuration can change based on the decrease or increase of the fac-
tors. In Table 3 we also did the column, based on the review of the literature in the
previous section, of the case in which there is no 14.0 technology in the AS.0. This
column helps to see that an 14.0 technology can open the opportunity to move to an-
other configuration with respect to the case without technology.

Table 3. How the choice of the AS configuration change based on the impact of a 14.0 tech-
nology on a factor (U = U-shaped; S = Straight-line; / = not found in literature).

Industry 4.0 technology
Cloud
Without 14.0 Collaborative Augmented loT computing
FaCtor technology robot Reality technologies and
Data Analysis
Low S S S S
Cycle time Medium u/s !
U U U
High U
Low U
Number of 1o dium uis / / / /
tasks
High S
Low S
Network X
density Medium u/s / / / /
High U
Low S
Products . S S S S
variety Medium u/s
High u u u u u
Low S
Volumes . S S S
variety Medium U /
High U u u u
Low S
S S S S
Quality Medium u/s
High U U u u u
Low S
i S S S S
Complexity Medium U
of tasks
High u u u u u

From Table 3 we can see that, for example, when the quality of the final products
increases thanks to the collaborative robots from low to medium, the choice of the
configuration of the AS can go to the straight-line configuration instead of the U-



shaped line configuration. Indeed, the increase in quality thanks to the collaborative
robot gives the opportunity to use the straight-line configuration that usually, without
the technology, guarantees a lower quality with respect to the U-shaped line configu-
ration. Of course, it is not only the focus on one factor that defines the choice of the
configuration of the AS4.0. Therefore, the combined behavior of these factors with
regard to the choice of the configuration can be a matter of interesting future research.
Moreover, it will be interesting to do a deeper investigation of the literature to see
what it is possible to find about the cases that in Table 3 are now presenting the “/”.
Especially for all the technologies in the case of the factor “Number of tasks”, for the
technology “Cloud computing and Data Analysis” for the factor “Network density”
and for the technology “Collaborative robot” for the factor “Volumes variety”.

5 Conclusion

In this paper, we first determined, based on the literature, the factors that a company
has to know when it is time to decide which is the best AS configuration to adopt
between the straight-line and the U-shaped line and second we saw how the Industry
4.0 technologies, that can be adopted in these AS configurations, impact in these fac-
tors. Being this an exploratory research, our conclusions need to be support by some
quantitative results. This is the reason why this work will be used as a starting point
for the creation of a mathematical model that will help us validate the assumptions
made here.
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