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Abstract

The use of assistive technologies, such as digital instructions (DIs) and collaborative
robots (cobots), can improve the productivity of assembly system. However, their
implementation remains arbitrary.

In this study, a decision support system based on tactical-level variables (i.e. throughput,
operator and equipment cost, operation time and type) was proposed with the aim of
suggesting when the introduction of assistive technologies becomes profitable.

Four different assembly system configurations (i.e. manual assembly, manual assembly
with the implementation of DIs, manual assembly with the implementation of cobots and
manual assembly with the implementation of both DIs and cobots) were modelled by means
of four different cost models and analysed in depth with a parametric analysis carried out by
varying the tactical-level variables.

The results suggested that, when the throughput is low, the introduction of cobots should
be considered only in cases of high operation times, while the introduction of DIs and/or
cobots is the best alternative when the throughput is high. Finally, the validity of the approach
is proved by comparing the results suggested by the decision support system with those

obtained from a case study.

Keywords: digital instructions; collaborative robots; decision support system; assembly

system configurations.

1. Introduction

The globalisation at the beginning of the 1990s modified the world of manufacturing,
giving rise to unpredictable market changes, including rapidly varying product demand and the

frequent introduction of new products. The customisation of assembled products at low costs,
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short time to market and high reliability of deliveries began to take hold, leading to the
development of the mass customisation concept (Battaia et al. 2018; Pine 1993; Zennaro et al.
2019).

Flexibility is crucial in assembly systems, and, according to Wolfson and Gordon (1997),
a flexible system should be able to handle a wide variety of components, perform frequent
model changeovers quickly and easily, be capable of processing multiple components and
models simultaneously and swiftly respond to component design changes. Thus, it is clear that
traditional assembly lines are no longer suitable for today’s industrial environment, and a new
generation of assembly systems is needed. Moreover, humans still play a core role in
maintaining high the flexibility of the system due to their ability to adapt, learning easily and
executing many tasks without any additional cost for the system (Kara, Kayis, and O’Kane
2002; Calzavara et al. 2020; Daria Battini et al. 2018).

From this perspective, the adoption of Industry 4.0 (I40) technologies is revolutionising
assembly systems. In particular, assistive technologies, such as digital instructions (DlIs),
exoskeletons and collaborative robots (cobots), have a direct influence on such systems (S.
Wang, Li, and Zhang 2016; Thames and Schaefer 2016; Lee et al. 2018; Gu et al. 2019; Xu,
Xu, and Li 2018). Automation, digitalisation, robotics and other advanced technologies can
improve operators’ abilities thanks to dynamic interactions between humans and machines in
the cyber and physical worlds (Romero et al. 2016). In particular, DIs act on cognitive
interactions, while exoskeletons and cobots act on physical interactions. DIs, such as computer-
aided instructions (i.e. instructions shown on a screen in a fixed or interactive way or projected
on the workstation or smart glasses, as in the case of augmented reality (AR)), are technologies
where digital information is provided to support the operator during manual operations by
generating a digital assistance system. In this way, search and selection activities are sped up,

and their related failure rates are reduced. In addition, assembly instructions can be interpreted
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faster by the operators, and thus, the learning curves improve. In contrast, exoskeletons are
mechanical structures that humans can wear during assembling operations to increase their
strength and endurance. According to Fox et al. (2019), there are at least eight different types
of exoskeletons that, however, can have negative consequences, such as that of reducing human
flexibility leading to new sources of musculoskeletal disorders (MSD) and accidents. Due to
these drawbacks, exoskeletons are not considered any longer in this work and the authors will
focus only on cobots when dealing with technologies acting on physical interactions. Cobots
are industrial robots capable of performing a variety of repetitive and non-ergonomic tasks that
have been specially designed to work in direct cooperation with human operators without the
need for safety barriers. In this way, cobots can perform some activities in parallel, i.e. while
the operator performs other tasks, improving the throughput of the system. In addition, by
assigning cobots to repetitive and non-ergonomic tasks, the ergonomics of the assembly
stations can be highly increased. Other advantages of using cobots in assembly lines together
with an analysis of the psychological and sociological implications accompanying their
introductions are reviewed by Cohen, Shoval, and Faccio (2019).

At present, the introduction of DI and/or cobots in assembly systems continues to be arbitrary
and a quick and easy-to-use tool to understand when to implement DI and/or cobot is highly
claimed by managers and practitioners. In fact, as discussed in the next section, no accurate
and comprehensive tool has yet been developed to study the conditions under which the
implementation of these technologies is economically beneficial. This represent the research
question this work aims to answer, i.e.

RQ: which are the conditions (expressed in terms of hourly cost of the human operator,
throughput and total operations time) that render the introduction of DI and/or cobots

economically profitable?
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This work aims to answer this question by introducing a general tool that will help
practitioners to determine when the implementation of DIs, cobots or both in assembly systems
may be profitable. Particularly, this general tool is a decision support system that, based on a
decision tree, will guide managers and practitioners in the understanding of which hourly cost
of the human operator (cop), throughput (Q), total operations time (t) and percentage of time
engaged in searching and picking activities (o) render the implementation of DI and/or cobots
economically beneficial.

The decision whether implementing DI and/or cobots is typically made at a tactical level,
where practitioners and managers have to design or redesign the assembly systems, deciding
the number of workstations, equipment and technologies to be installed. In this phase,
practitioners and managers possess only information about the design of the products (typically
of the Virtual Average Model) and about the required throughput, hourly cost of the operator,
expected total assembly time and benefits and costs of technology implementation.
Considering the traditional product development phases depicted in Figure 1 (Eskilander
2001), the design of the products is the output of the “Detail design” phase, while the tactical
level falls into the “Production system design” phase. It is worth mentioning that the use of the
Design for Automatic Assembly (DFAA) is strongly suggested in the “Detail design” phase.
In fact, according to Maczka (1985), “any product designed for automated assembly will be
easier to assemble manually”, while the opposite does not hold true. In such a way, irrespective
of the assembling systems that will be chosen in the “Production system design” phase, the

assembly will be facilitated.
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Figure 1. Traditional product development
The main contributions of this paper can be described as follows:
Development of four cost models, one for each assembly system configuration (i.e. manual
assembly, manual assembly with the implementation of DIs, manual assembly with the
implementation of cobots and manual assembly with the implementation of both DIs and
cobots), allowing estimating the unitary cost per assembled product;
From an extensive parametric analysis, a decision support system based on a decisional
tree has been developed to guide practitioners through the decision of whether to
implement assistive technologies. The decision support system proposed here does not
provide any detailed information about the cheapest assembly system configuration, but
only which assembly system configurations need to be investigated in detail to find the
best one. Some hints about the cheapest solution can be obtained considering the cost
models at the basis of the decision support system, but their results are limited due to the
limitations of these formulations, as described in detail below;
Application of the proposed decision support system in a case study, where the procedure
to apply the decision support system is described, and the assembly system configuration
reported as the cheapest from the case study is confronted with the profitable assembly
system configurations suggested by the decision support system for the input variables of
the case study.

The remainder of the paper proceeds as follows: Section 2 reviews the previous research

on DIs and cobots in assembly systems, identifying the gap in the literature and supporting the

necessity of the models and their comparison. The cost models are introduced and described in
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Section 3, while in Section 4, an economic comparison based on an extensive parametric
analysis of the four different assembly system configurations is introduced, and the results of
the main parameters’ effects are presented. In Section 5, the results of the economic
comparisons are reported according to a decision support system based on a decision tree
comprising four different variables, which are as follows: hourly cost of the human operator,
throughput, total operations time and the percentage of time engaged in searching and picking
activities. These variables represent the main input variables available at the tactical level.
Section 6 illustrates the application of the approach to a simple case study, and its validity is
proved by comparing the solution obtained by the decision support system with that generated
from the case study. In addition, the robustness of the decision support system has been further
confirmed by extending the case study considering an over- and underestimation of the total
time to assemble the Virtual Average Model of 50%.

Finally, insights, discussions and limitations of the study are provided in Section 7,

together with future researches.

2. Literature review

From the literature review, it can be seen that there are two different types of interactions
between humans and machines in the cyber and physical worlds, namely cognitive and physical
interaction (Romero et al. 2016). Among the former, DIs emerge as foremost, while cobots are
dominant among the latter.

DlIs, such as computer-aided instructions (i.e. instructions shown on a screen in a fixed or
interactive way or projected on the workstation or smart glasses, as in the case of augmented
reality (AR)), can support the operator during manual operations by becoming a digital
assistance system, allowing faster cycle times, increased reliability and a reduced failure rate

(Grajewski et al. 2013; Zhang, Ong, and Nee 2011; Z. B. Wang et al. 2013; Ong, Yuan, and
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Nee 2008). Hou et al. (2013) reported that replacing paper-based instructions with DI systems
can reduce the assembly time of a Lego Mindstorms NXT 2.0 (35 pieces) from 11.91 min to
7.37 min. These results corroborate those obtained in relation to piping assembly (Hou, Wang,
and Truijens 2015), whereby the implementation of the DI system was observed to result in a
reduction in assembly time of more than 50% compared to the use of paper-based instructions.
Moreover, the implementation of DIs was also reported to halve the number of errors.
Similarly, in the assembly of a computer motherboard, fewer errors and lower assembly times
were observed when a see-through AR system was used, compared with paper-based
instructions (Baird and Barfield 1999). However, in assessing the use of DI in the assembly of
a three-dimensional puzzle, Syberfeldt et al. (2015) reported that paper-based instructions were
associated with better performances. The reason offered by the authors was that the component
they used was not complex enough (nine pieces), and the complexity should be sufficiently
high to justify DI implementation. However, they provided no description or quantification of
what they deemed sufficiently high. A step in this direction can be found in Wiedenmaier et
al.'s (2003) study, in which repetitive and intuitive tasks are reported to be better suited to
paper-based instructions, while difficult tasks with ambiguous assembly positions are
considered well suited to DI. However, to the best of the authors’ knowledge, a clear
understanding of when the implementation of DI technologies is beneficial has yet to be
reached.

Similar conclusions can be drawn for cobots. Cobots can improve the system throughput
due to their ability to work in direct cooperation with the operator (Bochmann et al. 2017;
Kuhlenkdétter et al. 2016; Cencen, Verlinden, and Geraedts 2018). For example, Tsarouchi et
al. (2017) reported that the introduction of two cobots to the assembly sequence of a hydraulic
pump reduced the time required for a human operator to perform the task by 78%. These results

corroborate those obtained by Helmersson and Hesslund (2016) and Kriiger, Lien, and Verl
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(2009). In the former, a 30% reduction in the cycle time was obtained by substituting traditional
robots with cobots, while the latter reported takt times to assemble heavy parts of an automotive
rear axle of 220 seconds for the automated solution, 320 s for the human solution and 100 s for
the hybrid solution (i.e. combined human/cobot efforts). However, Cherubini et al. (2016)
reported that the introduction of the cobot quadrupled the assembly time of a car’s homokinetic
joint. The possible reason for this suggested by the authors is the limited number of operations
that were performed (nine manual operations). In addition, Djuric et al. (2016) suggested that
cobots are desirable when repetitive tasks must be performed, while human operators are better
at performing tasks characterised by high levels of flexibility. However, as in the case of Dls,
no consensus has been reached regarding the range of profitability associated with cobots in
production systems.

As stated by Battini et al. (2011), the introduction of new technologies must be
accompanied by an analysis of the conditions under which it is worth introducing these new
technologies in terms of operator well-being, system performance and economic perspective.
Dealing with the former two, Golan et al. (2019) proposed a conceptual framework where the
introduction of 140 technologies was optimised to enhance the operator wellbeing and system
performance (throughput, error rates and damaged units). Considering the economic
perspective, cost models can be considered an effective means of guiding practitioners in their
decisions. However, to the best of the authors’ knowledge, the cost modelling of DIs and cobots
in the assembly line has scarcely been considered by researchers. Antonelli et al. (2016)
assessed the total time required to perform a welding operation, depending on the batch size
and considering three different solutions—fully manual, fully automated and collaborative
cells. They reported that, for a batch size smaller than eight pieces, the fully manual solution
was the fastest, while the implementation of the cobot was found to be effective in batch sizes

of 8-25 pieces; for bigger batch sizes, the fully automated solution represented the best choice.
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However, economic analysis is missing from this study. A step towards addressing this was
carried out by Faccio et al. (2019), who investigated the conditions under which a collaborative
assembly system performs better than manual or automated assembly systems in terms of
throughput and production cost. They studied a simplified configuration in which the durations
of the picking and assembling activities were the same for each part. However, a component
characterised by parts requiring the same amount of time to be picked and assembled is quite
unrealistic. Further, none of the above-mentioned works considered the implementation of DIs.

There is thus a clear need to understand when the introduction of DIs and cobots may be
profitable. In this regard, it might be helpful to consider the concept of “Level of Automation”
(LoA). The LoA can be defined as the “allocation of physical and cognitive tasks between
humans and technology, described as a continuum ranging from totally manual to totally
automatic” (Frohm 2008), and it aims to determine the right degree of automation for a given
case, i.e. whether to introduce a certain technology or not. One of the most common
methodology to evaluate the LoA is the so-called Dynamo methodology. In this methodology,
the main sub-tasks for each workstation are identified and the LoA of each sub-task is measured
according to the taxonomy reported in Frohm (2008). The measured LoA level is then
compared to the ideal LoA value for each sub-task: in this way managers are supported in
deciding whether implementing new technologies or not. The Dynamo methodology is
however limited by some limitations. First, it needs the system to be existent, i.e. it is not
applicable in the early phase of new assembly systems design. Second, the determination of
ideal LoA values is subjective since it is left to the judgement of operators and/or production
technicians. Almannai et al. (2008) overcame the first drawback of the Dynamo methodology,
but still the subjectivity remained. They developed in fact a decision tool based on the
combination of the quality function deployment (QFD) technique and of the failure mode and

effects analysis (FMEA) technique that does not necessitate the system to be existent but that
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is still left to the subjective interpretation of the managers when dealing with linking the
objectives of the automation with the different alternative options. Moreover, the application
of this methodology was also reported to be time-consuming since it took two entire working
days to apply it in Rolls-Royce (Almannai, Greenough, and Kay 2008).

Hence, it emerges clearly the need for a fast, easy-to-use and objective tool that, during
the design phase of new assembly systems, can assist managers and practitioners in
understanding the circumstances under which the introduction of DIs and cobots may be
profitable. The present study aims to fill this gap, and, to do so, the authors have decided to
consider the economic perspective as discriminant in the choice. Four different cost models
have thus been developed, one for each assembly system configuration (i.e. manual assembly,
manual assembly with the implementation of DIs, manual assembly with the implementation
of cobots and manual assembly with the implementation of both DIs and cobots), allowing a
fast and objective understanding of the circumstances under which these technologies are worth
being introduced. Leveraging on these cost models, a parametric analysis is carried out for
mapping and defining the conditions in terms of values of the tactical-level variables (i.e.
throughput, operator and equipment cost, operation time and type) for which the introduction
of assistive technologies may be beneficial, allowing the author to propose a decision support
system that can support managers and practitioners in making common decisions for the design

or re-design of an assembly system.

3. Assembly system configurations: description and cost models

Notations

i = configurations of the assembly system: i = M for manual assembly system, i = DI for

manual assembly system with DI implementation, i = C for manual assembly system with

10
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1

2

i 1  cobots implementation, i = DI + C for manual assembly system with DI and cobots
5 . .

6 2 implementation.

7

8 3 @Q = required throughput [pcs/h]

9

1(1) 4 t = time spent to complete the operations for the Virtual Average Model, considering both
12 . C . c .

13 5  searching and picking and assembly activities [s]

14 )

15 6  ts p=time spent for searching and picking activities in the case of configuration i [s]

16

1; 7 thss = time spent for assembly activities in the case of configuration i [s]

19 D ; . . :

20 8 t'=ts, p+ tyss = time to do all the operations in the case of configuration i [s]

21

;g 9  a=tsyp/tt =% of the time spent in searching and picking activities

24 . : .

25 10 ¢, = cost per hour of the assembly station, including also the services [€/h]

26

;Z 11 c¢,p = cost per hour of the operator [€/h]

29 DI _ .

30 12 c¢4' = cost per hour of DI device [€/h]

31

32 13 c§ = cost per hour of one cobot [€/h]

33

:;’ 14 =% of the assembly station served by the cobot

36 ;

37 15  B'=% of improvement provided on searching and picking activities by the implementation of
38

39 16  configuration i

40

j; 17 ¥'=% of improvement provided on assembly activities by the implementation of configuration
43 .

44 18 l

45

46 19

47

jg 20 In this section, different assembly system configurations are described and modelled using
50 . .

51 21  cost functions—the manual assembly system, the manual assembly system with the
52

53 22 implementation of either the DI or cobot and the combination of these last two options. As
54

gg 23 explained in the previous sections, the scope of this research is at tactical level, supporting
;73 24 practitioners in making decisions common of the design or re-design of an assembly system.
59

60 25  Typical decisions in the design of assembly systems are related to their configurations, such as
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how many workstations and which equipment and technology to install at the system level.

Other decisions regarding balancing, sequencing, feeding policies and so on are made at an

operational level, and they relate more to the management of the assembly system. Some of

them, like balancing, have some interrelations with previous decisions at a tactical level, such

as the minimisation of workstations via optimised balancing solutions. However, to reduce the

complexity of the problem and provide a decision support system that is easily usable at a

tactical level, balancing is not considered part of the model. Thus, at the tactical level, the

required information and input data for the decision makers involve rough estimates, such as

the following:

The required throughput of system Q. this can be estimated from the market demand of
the products that will be assembled in the systems over the year;

The total time to assemble one average product t and its terms, such as the time for
searching and picking the components and the time for pure assembly activities, t5 , p
and tiss: these components can be estimated from the historical data and the production
managers’ experience. They are also affected by the complexity and size of the
products, which influence the dimensions of the workplace where the operators work;
The cost of operators c,y, cost of assembly station cs; and cost of equipment/technology
" and c§: this information is typically available from the accounting department and
from the suppliers of the different equipment and technological components available
on the market;

The benefits in time reduction using the equipment/technology B' and y': the
introduction of the various types of equipment/technology usually permits a reduction
in task execution time. This reduction is difficult to determine a priori, since at the
design phase the equipment/technologies are not yet implemented. However, it is
possible to estimate them by implementing the following steps:

12
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o Using pre-tests;
o Using historical data from similar previous projects/implementations;

o Using the experience of the suppliers of this equipment/technology.

In this paper, B! and y' are estimated through the last two points.

Moreover, some general assumptions have been adopted, which are as follows:

There is one operator for each assembly station;

Each operator performs both searching and picking and assembly activities;

The implementation of the DIs and/or cobots can reduce the time required to perform
these activities (X. Wang, Ong, and Nee 2016; Pathomaree and Charoenseang 2005;
Yuan, Ong, and Nee 2008; Gonzalez and Ruiz Castro 2018; Liu et al. 2019);

The required throughput is pre-defined;

The error rate is neglected in this study, along with the effects of DIs and cobots on the
error rate;

The DIs and cobots are considered perfectly available and reliable;

The interactions between DlIs/cobots and the operators are modelled just by the
improvement rates ' and y'. Any different effects are not considered;

The DI is assumed to be available at all stations;

Operational times are considered deterministic;

Only one single product is considered to be assembled in the assembly line (generally
the Virtual Average Model of the product family);

The cobot encumbrance is considered negligible.

Following these assumptions, the unitary cost per assembled product has been calculated

based on the cost of the operator, the cost of the equipment/devices/cobots and the total number

of stations needed to satisfy the required throughput. Then, comparing the unitary cost per
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assembled product of each configuration, the most suitable one can be easily identified. Using
these cost models, an extensive parametric analysis has been carried out to determine the
conditions in which the introduction of DIs and/or cobots is beneficial from an economic
perspective.

Some limitations arise from the introduction of these assumptions, such as those related to
the error rate and deterministic operational times, equipment/technology availability and
reliability and interaction with operators. The models introduced here have been limited to
generate a first decision support system based on a decision tree, where the main decision
variables at the tactical level are considered. Including other variables would have made the
decision tree too complex to be applied. In addition, neglecting balancing procedures represents
another limitation. The limitations are discussed in detail in the conclusion section, and they

will be further addressed in future research.

3.1 Manual assembly: cost-per-product formulations

In the exclusively manual assembly configuration, the time taken to complete all
operations, t", can be divided into a fraction of the time engaged in searching and picking

activities, t§, p, and into another of the time spent in assembly activities, t}ss (Figure 2).

Workstation

tM
ASS
/V < »

M
tsip

Components

Figure 2. Schematic representation of a station in the manual assembly system
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2 Thus, the number of operators corresponds to the number of stations, measured as

coNOULT D WN =

9 M_ [0

3 n = 13600 (1)
13 4 In this configuration, t" = t§{, p + tl{ss = t, since no cognitive or physical interactions are
16 5  present to help the human operator. The cost of the product considering this configuration is
18 6  due only to the costs associated with the operator and assembly stations (i.e. costs of

20 7  workbenches, required tools and equipment, services, etc.):

23 (s + cop)
2u 8 e )

28 9 3.2 DI implementation: cost-per-product formulations

30 10 DIs acts on the cognitive skills of the operator, reducing the time required to search for
32 11 parts and facilitating the assembly by making the required positioning of the parts easier to
35 12 understand. Improvements in the searching activities are accounted for by the factor 2, while

37 13 those in the assembly activities are accounted for by the factor y°! (Figure 3).

Workstation

41 tass(1-y”!
42 > >

&0
t&, p(1-p7") @
=

S

£

52 14 —

D
O
Components

>4 15 Figure 3. Schematic representation of a station in the assembly system with DI
57 16 implementation

59 17
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The time the human operator requires to complete the searching and picking activities,

t¥. 5, is equal to

2 p=t8p-(1-p") (3)

while the time required by the human operator to perform the assembly tasks corresponds to

the following:

this = thlss - (1 —yP") “4)

The time taken to perform all the operations is

=t p+thhs=a - (1-B") t+ (1 —a)- (1 —y") -t (5)

where a is the percentage of time spent in searching and picking activities. In this case, the

number of assembly stations will be

tD['Q

nP! = 3600 (6)

The cost of the product in this solution is close to one we have for the manual assembly
system configuration, with the addition of the term related to the implementation of the DI in
the system. Due to the low costs of DI devices, it is assumed that every station (i.e. every

operator) is equipped with this technology, leading to the following cost per product:

DI (Cst + cop + Cg,)

CDI — 5 (7)

3.3 Cobot implementation: cost-per-product formulations

The implementation of the cobot acts instead on the operator’s physical skills, since it can
replace the operator in performing several searching, picking and assembly activities. In

particular, if the activities’ scheduling is optimised, the cobot can perform the activities faster

16
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than the human operator can; it may be even more effective in reducing the operational time as
it can perform these activities while the operator performs other tasks. In this way, the reduction
in the process time is higher than that of the DI implementation. In particular, the system is
characterised by a reduction of B¢ for the searching and picking time and y* for the assembling
time (Figure 4).

Workstation

ta5s(1-7€)
/ < >

L

t8,p(1-B)

L
Components lr1

Figure 4. Schematic representation of a station in the assembly system with cobot

implementation

In this configuration, the influence of the cobot on searching and picking activities is

accounted for by the factor B¢:

téep=t p-(1—pB°) (8)

while the time spent on assembly by the human operator is reduced by the factor y:

thss = thlss - (1 —y©) ©)

This led to a time to perform all the operations equal to

tC=t§p+tiss=a-(1—-B) t+(1—a)- (1—y%) -t (10)

17
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The average values of the indices  and y differ significantly, depending on whether DIs
or cobots are implemented. In fact, while the DI technologies act on the cognitive processes,
reducing the time taken to determine where a component is (8°!) or how to assemble it (),
the cobot’s effect is much greater since, acting on the operator’s physical processes, it can help
to perform searching and picking activities (8¢) and assembling activities (y*) faster than the
operator can. Furthermore, the possibility provided by the cobots to perform some operations
while the operator performs some other tasks can further reduce the operation time. Thus, the
indices B¢ and y* take into consideration not only the cobot’s ability to perform the activities
faster than the operator but also the reduction in time due to its potential to perform certain

activities in masked time.

The number of stations corresponds to

c_[t-@
n" = 3600 (11)

Depending on the product under consideration and the scheduling of the activities, the
variable ® has been introduced to evaluate the number of stations n§ requiring the presence of

the cobot:
np = [w-n‘| (12)
Thus, the final cost per product can be calculated as follows:

C (Cst + Cop) Cg
=N

ct gty (13)

3.4 DI and cobot implementation: cost-per-product formulations

When the DIs and cobots are implemented together, the operator’s cognitive and physical

skills are both affected, further increasing the new technologies’ potential to reduce the

18
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1

2

i 1 operation time; in particular, the reduction in the time spent on searching and picking activities
5 . . . . . .

6 2 is quantified as BP7 ¢, while that spent on assembly is quantified as y?! * ¢ (Figure 5).

7

8 Workstation

9

I:Idéam”"'
> < >

-

“@

(54p(1-577)
+“—>

~
L
Components l1
\\\ &

23 4 Figure 5. Schematic representation of a station in the assembly system with DI and cobot

25 5 implementation

29 7 This configuration essentially combines the ones described in the previous sections, with
31 8  the time spent on searching and picking by a human operator without any interaction reduced

9 by the factor P71 ¢

37 10 8 =t p- (1= pP1 1) (14)
40 11  and that spent on assembly activities reduced by the factor y?! +¢;

40 12 takd © = thss - (1 —yP1*6) (15)
47 13 This leads to a total time taken to complete the tasks equal to

50 14 tDI+C:t?{+_+PC+tAQ§§FC:a_(1_BDI+C)_t+(1_a)_(1_yD1+C)_t (16)

54 15 The main concern that can arise concerns the indices S/ * ¢ and y?/ * €. Their values are
56 16  intrinsically related to the product configuration and the scheduling adopted, but it usually

58 17 holds that

19
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{ﬁD1+CSBD1+ﬁC}

]/D1+ CS]/DI +)/C

(17)

Like in the previous section, the index @ accounts for the evaluation of the number of

stations equipped with a cobot (again, the DI is assumed to be available at all stations):

nBI+C:|'w_nDI+C] (18)
where
tDl+C,Q
nPlte= [ 3600 (19)

Both the DI and cobot contribute to the final cost of the product:

(ct+c +c§’) cg
CDI+C= DI+C, B >°7° op nBI+C_7 (20)

n Q Q

4. System comparison and parametric analyses

As mentioned above, the aim of this study was to determine the conditions in which the
introduction of cognitive (DI) interaction, physical (cobot) interaction or both is beneficial from

an economic perspective. To this end, the four different solutions are compared by means of

CM M M

the ratios and 5. Clearly, when all ratios are lower than the unit, a system without any

o
interaction is preferable.

Before proceeding with the comparison of the different configurations, the impact of each
variable (t, Q, o, Csz, Cop, B Y21, B, y©, BPTHE, yPTHC @, ¢! and c§) on the ratios must be
assessed. To this end, an analysis of 110 592 different scenarios was carried out. The values of
each parameter, chosen based on the authors’ experiences and on the typical values available

in technical and economic datasheets, have been varied in a discrete way (Table 1), as usually

done in literature (Manzini et al. 2007; Battini et al. 2009; Fragapane et al. 2020).

20
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Parameter Unit of measure Values

t S 600; 1,500; 3,600
S Q pcs/h 5;25;50; 100
10 a - 20%; 50%; 80%
11 B” - 5%:; 15%
s yP! i 5%; 15%
14 B¢ - 25%:; 75%
1> ¢ - 25%; 75%
17 pPI+ c R 25%:; 90%
18 yPIte - 25%; 90%
19 ® - 25%; 50%; 75%
21 Cst euro/h 1.1; 1.6
g Cop euro’h 20; 40
24 ci! euro’h 0.6;1.2

25 c§ euro/h 3.4;6.8

coNOULT D WN =

2 Table 1. Parameters and their values used for the ANOVA test

32 4 It is worth mentioning that, in the main effects plot analyses below (Figure 6), the authors
34 5  decided to consider the total cost of the cobot implementation as a variable, combining the

36 6  percentage of the assembly station served by the cobot (®) and c§ in a single parameter defined

39 7 as the product of the two (w - c§).

46 10
48 11

50 12
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Figure 6. Main effect plot analysis of o (a), v (b) and PR (©)

From the main effects plot analysis, it can be concluded that the cost of the assembly
station has a negligible effect on the results; thus, it is kept fixed and equal to 1.35 euro/h in

the analyses.

22
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5. The decision support system and economic assessment

As highlighted in the introduction, a decision support system that can provide indications
regarding the conditions under which the implementation of DIs and/or cobots is economically
beneficial is urgently needed. In particular, this decision support system should include input
variables that are known a priori by managers and practitioners, and as output, it should provide
the optimal system characteristics.

Considering the equations introduced in Section 2, the numerous variables can be divided
into two main groups:

o System-related variables: Variables related to managerial decisions (c,p), market

demands (Q) and product characteristics (t and a) are included in this group;

o Equipment-related variables: The characteristics of the cognitive and physical

DI+C ", B and c§) form this group.

interaction systems (821, !, B¢, y©, BRI+ €,y
The first group is the group of variables known a priori by managers and practitioners;

thus, a decision support system based on this group can be deployed (Figure 7).

Cop Cop
low high
Q€& > Q Q€ | >Q
low high low high
t t t t t t t t
low high low high low high low igh
a a a ; a a ; a a a a a a ‘ a a 3 a a > a
low EEigh low high low high low high low high low high low high low high

Figure 7. Decision support system
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Based on this decision support system, it would be possible to gain deeper insight into the
conditions (low or high c,,, Q, t and o) under which the introduction of cognitive and/or
physical interaction would be profitable. The choice to consider only two levels (low and high)
is related to the authors’ will to provide the practitioners with an easily usable tool.

In particular, in each scenario, the profitability of introducing these new technologies is

highly dependent on their efficiencies (p and y) and their costs. Thus, the threshold curves for

CM M M

. C . . .
each ratio ( and W) have been plotted as a function of these efficiencies (f on the x-

o ¢e
axis and y on the y-axis), and they are reported in Figures 7, 8 and 9, considering the low and
high values as shown in Table 2.

It is worth mentioning that the left side of the threshold curve defines the area in which
manual assembly is suitable, while on the right side, the introduction of the cognitive
interaction (Figure 8), physical interaction (Figure 9) or both (Figure 10) is profitable. Red and
blue lines are obtained with low and high values of o, respectively, while solid and dashed lines

stand for the high and low costs of the implemented assistive technologies, respectively. In

some circumstances, the dashed lines are not visible because they overlap with solid lines.

low high
Cop 20 (euro/h) 40 (euro/h)
Q 5 (pc/h) 100 (pc/h)
t 600 (s) 3600 (s)
o 20% 80%
cy! 0.6 (euro/h) 1.2 (euro/h)
C§ 3.4 (euro/h) 6.8 (euro/h)
0} 25% 75%

Table 2. Low and high values used to build the contour plots according to the decision

support system
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1
2
i Manual assembly VS Manual assembly + DI
5 a) Cop low
6 Q low Q high
7 1 1
8 0.9 0.9
0.8 0.8
9 0.7 0.7
10 © 0.6 © 0.6
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gi 1 Figure 8. Threshold lines of the ratio i for ¢, low (a) and c,p high (b). Red and blue lines
55 . . . . . .
56 2 are obtained with the low and high values of a, respectively, while full and dashed lines stand
;73 3 for the high and low costs of the DI system, respectively.
59 4
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Manual assembly VS Manual assembly + cobot
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Figure 9. Threshold lines of the ratio % for ¢, low (a) and ¢, high (b). Red and blue lines are

obtained with the low and high values of a, respectively, while full and dashed lines stand for

the high and low costs of the cobot system, respectively.
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1
2
i Manual assembly VS Manual assembly + DI and cobot
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From Figure 5, it can be seen that the cost of the DI device had a lower effect than that of
the cobot in the case where both the cognitive and physical interaction were implemented, and
thus, the cost has been fixed at 0.9 euro/h.

Analyses of the results gathered in Figures 7, 8 and 9 indicate that, for a low throughput Q
and low time to complete the operations t, the system without interactions is always convenient
from a cost perspective (blank maps). In fact, from Equations 2, 7, 13 and 20, the manual
assembly configuration is always cheapest when its number of stations is equal to 1. For
example, comparing the manual assembly configuration (Equation 2) to the system equipped
with DI technology (Equation 7), when the number of stations is 1, that is, Q - t¥ < 3600, the
cost per product will always be lower due to the additional term related to the DI, ¢2. This also
holds for the other two configurations.

For low throughput and high time required to complete the operation, regardless of the
operator’s hourly cost, the introduction of DI technologies is quite unlikely due to the high
values of BP" and yP! required to economically justify their incorporation. For the sake of
simplicity, considering a case wherein the time required to perform all tasks is equally
distributed across searching and picking and assembling activities (i.e. a = 50%), the
introduction of DI technologies must lead to an improvement such that 27 + yP! > 40%

(Figure 11).

gamma
o
o

: : .o,
Figure 11. Threshold line of the ratio 7 in the case of Q low and t,, low.
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1 The same values are more easily achievable with the implementation of cobots, so their

2 implementation is preferable in this scenario.

coNOULT D WN =

3 Finally, when Q is high, the values of B°/ and y”! required to economically justify the
10 4 introduction of the DI technologies are shown to be more feasible, particularly when ¢, and t
13 5  are high. Concerning the introduction of cobots, whether exclusively or in combination with
15 6 DI technologies, the f and y values required are considerably reduced if a system with a low
17 7  cobot cost is implemented, and its implementation will be even more eased when the operator’s
20 8  cost is high. To summarise these conclusions, the decision support system from Figure 6 is
22 9  modified in Figure 12, where the final branches report the possible, economically convenient
24 10 solutions for each case.

11

37 Cop Cop
38 low ) high

h|gh hlgh

. T ¢ (g Jﬁ

Iow hlgh

Human Human DI DI Human Human DI DI
Cobot Low-cost Cobot Cobot Cobot Low-cost Cobot Cobot
Dl+cobot Dl+cobot Dl+cobot Dl+cobot

51 12
52 13 Figure 12. Decision support system with suggestions for the practitioners

>4 14
15 By using this simple decision support system, managers and practitioners, based on the

59 16  conditions characterizing their systems (i.e., low or high cop, Q, t and a), can understand
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whether the introduction of cognitive and/or physical interaction would be beneficial or not. It
is worth mentioning that this decision support system does not aim to provide any detailed
information about the cheapest assembly system configuration, but instead, aims to suggest
which assembly system configurations need to be investigated in detail to find the best one.

6. Case study

In this section, the decision tree is applied to a simple but representative case study, and
the assembly system configuration reported as the cheapest from the case study is confronted
with the profitable assembly system configurations suggested by the decision support system
for the input variables of the case study. The product considered is a self-priming jet pump,
that represents also the Virtual Average Model of a product family.

Based on the data available from an on-going collaboration with the pump manufacturer,
the throughput Q has been considered equal to 96 pcs/h, that corresponds to a takt time of 37.5
s per product. The assembly of the pump is characterized by 19 different activities distributed

on seven workstations, and the precedence diagram is reported in Figure 13.

0000
02020

() (:9)~()
(-~
() —

Figure 13. Precedence diagram

A prototype of the production line was produced at the Logistic 4.0 Laboratory at NTNU,

and the task times (Table 3) were obtained by a Ph.D. student of the Department of Mechanical
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and Industrial Engineering at NTNU, with an age of 28 years. Although the student had no
previous experience in pump assembling, he was trained. The total time to assemble the Virtual
Average Model t = t” was found to be equal to 230.0 s, with the percentage of time dedicated
to searching and picking activities @ equal to 15% (Table 3). In addition, to extend the
soundness of the case study validation by overcoming the limitation of the absence of

repeatability in the task times, the total time to assemble the Virtual Average Model has been

varied by +50%.
Activity Total time (s) | Searching&Picking | Assembling (s) | Workstation
number (s)
1 18.2 3.0 15.2 1
2 17.7 1.8 15.9 1
3 8.6 1.3 7.3 2
4 7.5 0.9 6.6 2
5 6.2 1.1 5.1 2
6 9.7 23 7.4 2
7 15.7 2.2 13.5 3
8 13.0 1.5 11.5 3
9 9.0 1.9 7.1 3
10 9.2 2.1 7.1 4
11 9.6 1.1 8.5 4
12 14.3 3.0 11.3 4
13 14.7 2.1 12.6 5
14 15.1 1.5 13.6 5
15 7.1 1.1 6.0 5
16 12.9 24 10.5 6
17 16.3 1.4 14.9 6
18 133 1.9 11.4 7
19 11.9 3.0 8.9 7
Total 230.0 35.6 194.4

Table 3. Activities list with the corresponding times (total time, time for searching & picking

and time for assembly)

Considering a high cost of the operator (c,, = 50€/h, which is typical in Northern
European countries), we can apply the decision tree introduced in the previous section using as

input ¢,, = HIGH, Q@ = HIGH and t = LOW. The decision support system suggests
implementing DI in any case and using the cobot if its cost is low. By considering the cost
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models at the basis of the decision support system, we can see that these suggested
configurations are robust. To do so, the input variables Bi, v, o, ¢} and c§ are needed. To
determine 5 and y*, the different activities are analysed and the benefits in time reduction due
to the possible implementation of DI and cobot are estimated a priori based on the
characteristics of the tasks and using the experience of the authors in similar industrial projects,
supported by discussions with suppliers of this equipment/technology.

When DIs are implemented, the reduction in searching and picking time has been
estimated as BP! = 10%, and the benefit in assembly time has been assessed as y?! = 10%. In
this case, the use of tablets to support the operators has been selected as a type of DI technology,
and thus, cj’ can be considered low and equal to 0.12 euro/h. The use of cobots has also been
considered. In this case, cobots can assist the operators in doing some activities in parallel, such
as placing the components or fastening/screwing some parts, while the operators complete
other tasks. The benefits of using this equipment are estimated in ¢ = 25% and y* = 25%. Due
to the limited set of activities they can perform, it was decided that the cobot would be installed
in few workstations, so the percentage of the assembly stations served by the cobot w is 25%.
Moreover, these activities do not require complex cobots, and thus, cobots with a low c§ can
be used (3.97 euro/h).

If the two assistive technologies are both implemented, it is assumed that there is not a
pure additive benefit, so the reductions when using both technologies have been estimated as
P+ = 30% and yP'T¢ = 30%, with w equalling 25%. As introduced above, the
configurations suggested by the decision support system are robust; this is depicted in the
graphs in Figure 14, where the estimated $‘ and y* (black points) are all on the right part of the
threshold limits (indicating that the implementation of the technologies is profitable) and far

from them.
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Figure 14. Threshold lines in case study configurations

Therefore, even if the estimations of the benefit parameters £ and y* are not accurate, the

decision of investing on assistive technologies is well supported by the considerable saving for

the case study as confirmed by the scenario analysis reported in Table 4. In the scenario

analysis, the costs per product of each configuration based on the cost models developed in the

paper are assessed by varying the benefits from the assistive technologies (considering also

situations where Eq. 17 does not hold true) to show that their implementations remain the best

solutions. In particular, the cost models suggest the solution with the implementation of the

cobot to be often the cheapest. However, these cost models have been developed as the basis

of a simple and easily applicable decision support system that does not aim to provide any

detailed information about the cheapest assembly system configuration, but instead, aims to

suggest which assembly system configurations need to be investigated in detail to find the best

one. As the cost of the manual assembly system with the implementation of cobots alone is

almost equal to that of the solution characterised by the implementation of DI and cobots, the

cheapest solution is expected to be one of these.
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To evaluate the accuracy of the decision support model presented, assistive technologies
have been introduced in assembling the pump. The prototype of the production line produced
at the Logistic 4.0 Laboratory at NTNU was thus modified by including tablets (Microsoft
Surface Pro X, 8 GB, cost = 0.12 euro/h) as DI and Universal URSe (Universal Robots A/S,
Denmark, cost = 3.97 euro/h) as cobot. All the workstations were equipped with a tablet due
to its limited cost (as also assumed in the decision support system), while only the workstations
where repetitive and non-ergonomic tasks were predominant were served by a cobot, for a total
of two. The times to perform the different tasks with the implementation of DI, cobots and both
DI and cobots are reported in Tables 5, 7 and 9, respectively. The experimental 8° and y* values
are also reported. In addition, Tables 6, 8 and 10 report the effects of implementing DI, cobots
and both DI and cobots from a workstation perspective, showing the tasks allocation and the
workstation times. It can be seen from these tables that the workstation times are unbalanced.
This could be improved by considering balancing operations, but this is beyond the scope of
this model since it is supposed to be used at a tactical level, where the main goal is that to
decide the equipment and technologies that need to be installed in the workstations.

To obtain the task time values, three participants (one participant per each assembly system
configuration) were selected for the study. As before, the participants were randomly selected
from the Ph.D. students of the Department of Mechanical and Industrial Engineering at NTNU,
with an age ranging from 26 to 30 years. Although none of them had any previous experience
in pump assembling and in the use of DI and/or cobot for assembling operations, they were
trained for one hour. The training was conducted on a different pump, and each participant
were trained based on the assembly system configuration he/she would have used, i.e. the
participant that would have operated in the human assembly configuration with the
implementation of DI and cobot was trained in that system configuration. After the base

training was completed, the trainees relaxed for 15 min before starting the experiment.
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Activit | Total | Total time S&P Assembling | Workstation | gPT | P!
y time with DI with DI | with DI (s) (%) | (%)
numbe (s) (s) (s)
r
1 18.2 17.3 2.7 14.6 1 10.0 | 3.9
2 17.7 16.6 1.5 15.1 1 16.7 | 5.0
3 8.6 8.2 1.1 7.1 2 154 | 2.7
4 7.5 7.3 0.9 6.4 2 43 3.0
5 6.2 5.9 0.9 5.0 2 182 | 2.0
6 9.7 9.3 2.2 7.1 2 43 4.1
7 15.7 15.3 2.1 13.2 3 4.1 2.2
8 13.0 12.7 1.4 11.3 3 4.8 1.7
9 9.0 8.6 1.8 6.8 3 53 4.2
10 9.2 7.8 1.7 6.1 4 179 | 14.1
11 9.6 8.0 0.8 7.2 4 29.8 | 153
12 14.3 10.9 2.4 8.5 4 20.0 | 24.8
13 14.7 10.7 1.6 9.1 4 23.8 | 27.8
14 15.1 14.4 1.3 13.1 5 133 | 3.7
15 7.1 6.7 0.9 5.8 5 182 | 3.3
16 12.9 11.6 2.3 9.3 5 42 | 114
17 16.3 12.2 1.3 10.9 6 7.1 |26.38
18 13.3 11.0 1.8 9.2 6 53 19.3
19 11.9 10.3 2.9 7.4 6 33 16.9
Total 230.0 204.8 31.6 173.2 11.3 | 10.9

Table 5. Activities list with the corresponding times (total time, time for searching & picking

and time for assembly) in the case of DI implementation. (S & P stands for searching and

picking activities)
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Activity | Total | Total time S&P Assembling | Workstation | B¢ ol
number | time | with C (s) | with C (s) | with C (s) (%) | (%)
)

1 18.2 11.2 1.9 9.3 1* 36.7 | 38.8

2 17.7 114 1.2 10.2 1* 33.3 | 35.8

3 8.6 5.9 1.0 4.9 1* 23.1 | 32.9

4 7.5 4.9 0.7 4.2 1* 255 | 364

5 6.2 4.0 0.9 3.1 1* 182 | 39.2

6 9.7 6.3 1.7 4.6 2% 26.1 | 37.8

7 15.7 8.3 1.6 6.7 2% 269 | 504

8 13.0 6.7 0.9 5.8 2% 38.8 | 49.6

9 9.0 5.2 1.2 4.0 2% 36.8 | 43.7
10 9.2 4.9 1.3 3.6 2% 372 | 493
11 9.6 5.7 0.8 4.9 2% 298 | 424
12 14.3 14.3 3.0 11.3 3 0.0 0.0
13 14.7 14.7 2.1 12.6 3 0.0 0.0
14 15.1 15.1 1.5 13.6 4 0.0 0.0
15 7.1 7.1 1.1 6.0 4 0.0 0.0
16 12.9 12.9 2.4 10.5 4 0.0 0.0
17 16.3 16.3 1.4 14.9 5 0.0 0.0
18 13.3 13.3 1.9 11.4 5 0.0 0.0
19 11.9 11.9 3.0 8.9 6 0.0 0.0
Total 230.0 183.6 29.1 154.5 184 | 20.5

Table 7. Activities list with the corresponding times (total time, time for searching & picking

and time for assembly) in the case of cobots implementation. *=workstations where the cobot

is implemented. (S & P stands for searching and picking activities)
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Activity | Total | Totaltime | S &P | Assembling | Workstation | g0+ ¢| yPI+
number | time | with DI+ | with DI+ | with DI + (%) | (%)
(s) C(s) (O] (O]
1 18.2 10.5 1.7 8.8 1* 433 | 42.1
2 17.7 10.7 1.0 9.7 1* 44.4 | 39.0
3 8.6 5.7 0.9 4.8 1* 30.8 | 34.2
4 7.5 4.8 0.7 4.1 1* 25.5 | 379
5 6.2 3.9 0.9 3.0 1* 18.2 | 41.2
6 9.7 6.0 1.6 4.4 2% 30.4 | 40.5
7 15.7 8.0 1.5 6.5 2% 31.5 | 51.9
8 13.0 6.6 0.9 5.7 2% 38.8 | 504
9 9.0 4.9 1.1 3.8 2% 42.1 | 46.5
10 9.2 3.9 1.0 2.9 2% 51.7 | 59.2
11 9.6 4.5 0.7 3.8 2% 38.6 | 55.3
12 14.3 10.9 2.4 8.5 3 20.0 | 24.8
13 14.7 10.7 1.6 9.1 3 23.8 | 27.8
14 15.1 14.4 1.3 13.1 3 13.3 | 3.7
15 7.1 6.7 0.9 5.8 4 182 | 33
16 12.9 11.6 2.3 9.3 4 4.2 11.4
17 16.3 12.2 1.3 10.9 4 7.1 26.8
18 13.3 11.0 1.8 9.2 5 5.3 19.3
19 11.9 10.3 2.9 7.4 5 33 16.9
Total 230.0 157.3 26.5 130.8 25.6 | 32.7

Table 9. Activities list with the corresponding times (total time, time for searching & picking

and time for assembly) in the case of DI and cobots implementation. *=workstations where

the cobot is implemented. (S & P stands for searching and picking activities)
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The experimental 8 and ¥ values do not differ much from those estimated a priori.
The costs per product for manual assembly, manual assembly with the implementation of
DIs, manual assembly with the implementation of cobots and manual assembly with the
implementation of both DIs and cobots were 3.74 euro, 3.22 euro, 3.46 euro and 2.89
euro, respectively. The solution with the implementation of both DIs and cobots was the
best from an economic perspective, differing from that suggested by the cost models (i.e.
the solution with the implementation of cobots alone). As mentioned above, this
mismatch between the experimental and theoretical solutions was due to the balancing of
the workstations, which was neglected in the decision support system. This represents a
limitation of the decision support system, and it is also the reason for the observed
difference between the costs-per-product values suggested by the decision support system
and those found in the case study. However, as mentioned above, the decision support
model does not aim to provide either an estimation of the unit cost of the product or the
exact technology to implement, but rather, it is only intended to provide suggestions for
managers and practitioners about which assembly system configurations need to be
investigated in detail to find the best one. For the input conditions of the case study (c,p
= HIGH, Q = HIGH, t = LOW), the decision support system suggested implementing DIs
and/or cobots if the cost is low; in particular, from the analysis of the cost models, the
cheapest solution was reported to be most likely either the assembly system with the cobot
or the assembly system with the cobot and DI, matching the results of the case study,
where the solution with the cobot and DI was found to be the most convenient.

As mentioned at the beginning of the section, to further prove the robustness of the
decision support system presented, two more scenarios were considered. In these two
scenarios we considered to underestimate and overestimate the total time to assemble the

Virtual Average Model with the manual assembly configuration by 50%. Dealing with
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the underestimation, the total time to assemble the Virtual Average Model t = t" is now
equal to 115.0 s. We are still in the case with ¢,, = HIGH, @ = HIGH and t = LOW, for
which the decision support system suggests to implement DI in any case and use the cobot
if its cost is low. In particular, considering the same values of the coefficients § and y

that were assumed before (i.e. 82" and Y equal to 10%, 5¢ and y* equal to 25% with w

BD1+C DI+ C

equalling 25%, and y equal to 30% with w equalling 25%), the cost models
at the basis of the decision support system report a cost per product of 2.14 euro, 1.61
euro, 1.64 euro and 1.65 euro for manual assembly, manual assembly with the
implementation of DIs, manual assembly with the implementation of cobots and manual
assembly with the implementation of both DIs and cobots, respectively. Again, these cost
models (and hence the decision support system) do not aim to provide the exact
technology to be implemented and its cost, but only some suggestions about the assembly
system configurations that need to be further investigated. In this case, these are manual
assembly system with the implementation of DIs, manual assembly system with the
implementation of cobots and manual assembly system with the implementation of both
DIs and cobots. Considering the experimental values of f and y reported in Tables 5, 7
and 9 and the activities times of the Virtual Average Model reported in Table 3 reduced
by 50% to consider an underestimation of the total time to assemble the Virtual Average
Model with the manual assembly (Table 11), we derived a first modified case study to
validate our decision support system, to which, in the following, we will refer as
“modified case study A”. For each activity, we assumed the same relative values of time

spent on searching and picking and of spent on assembly as resulted in the initial case

study (see absolute values of these times in Table 3).
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Activity Total time | Searching&Picking | Assembling (s) | Workstation
number (s) (s)
1 9.1 1.5 7.6 1
2 8.9 0.9 8.0 1
3 43 0.7 3.7 |
4 3.8 0.5 33 |
5 3.1 0.6 2.6 1
6 4.9 1.2 3.7 1
7 7.9 1.1 6.8 2
8 6.5 0.8 5.8 2
9 4.5 1.0 3.6 2
10 4.6 1.1 3.6 2
11 4.8 0.6 43 2
12 7.2 1.5 5.7 2
13 74 1.1 6.3 3
14 7.6 0.8 6.8 3
15 3.6 0.6 3.0 3
16 6.5 1.2 53 3
17 8.2 0.7 7.5 3
18 6.7 1.0 5.7 3
19 6.0 1.5 4.5 4
Total 115 17.8 97.2

Table 11. Activities list with the corresponding times (total time, time for searching &
picking and time for assembly) in case of an underestimation of 50% of the total time to

assemble the Virtual Average Model

As before, due to the limited cost, a tablet was thought to be implemented in all the
workstations, while the cobot was considered to be introduced only in the workstations
where repetitive and non-ergonomic tasks were predominant (for a total of one). Tables
12, 13 and 14 report the estimated time to perform the different tasks with the
implementation of DI, cobots and both DI and cobots based on experimental values of

and y* the previously obtained.
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Activity | Total | Total time S&P Assembling | Workstation | gP7 | yP!
number | time with DI with DI | with DI (s) (%) | (%)
(s) s )

1 9.1 8.7 1.4 7.3 1 10.0 | 3.9

2 8.9 8.3 0.7 7.6 1 16.7 | 5.0

3 4.3 4.1 0.5 3.6 1 154 | 2.7

4 3.8 3.6 0.4 3.2 1 4.3 3.0

5 3.1 2.9 0.4 2.5 1 182 | 2.0

6 4.9 4.6 1.1 3.5 1 43 4.1

7 7.9 7.7 1.1 6.6 2 4.1 2.2

8 6.5 6.4 0.7 5.7 2 4.8 1.7

9 4.5 4.3 0.9 3.4 2 53 4.2
10 4.6 3.9 0.9 3.0 2 179 | 14.1
11 4.8 4.0 0.4 3.6 2 29.8 | 153
12 7.2 54 1.2 4.2 2 20.0 | 24.8
13 7.4 53 0.8 4.5 2 23.8 | 27.8
14 7.6 7.2 0.7 6.5 3 133 | 3.7
15 3.6 34 0.4 29 3 182 | 3.3
16 6.5 5.8 1.1 4.7 3 42 114
17 8.2 6.1 0.7 5.5 3 7.1 |26.38
18 6.7 5.5 0.9 4.6 3 53 1193
19 6.0 5.1 1.5 3.7 3 33 [ 169
Total 115.0 102.4 15.8 86.6 11.3 | 10.9

Table 12. Activities list with the estimated corresponding times (total time, time for

searching & picking and time for assembly) in the case of DI implementation when the

total time to assemble the Virtual Average Model is underestimated by 50%. (S & P

stands for searching and picking activities)
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Activity | Total | Total time S&P Assembling | Workstation | B¢ ol
number | time | with C (s) | with C (s) | with C (s) (%) | (%)
®)

1 9.1 5.6 0.9 4.7 1* 36.7 | 38.8

2 8.9 5.7 0.6 5.1 1* 333 | 35.8
3 4.3 2.9 0.5 2.4 1* 23.1 | 329

4 3.8 2.4 0.3 2.1 1* 25.5 | 364

5 3.1 2.0 0.4 1.6 1* 18.2 | 39.2

6 4.9 3.2 0.8 23 1* 26.1 | 37.8

7 7.9 4.2 0.8 33 1* 269 | 504

8 6.5 34 0.5 2.9 1* 38.8 | 49.6

9 4.5 2.6 0.6 2.0 1* 36.8 | 43.7
10 4.6 2.5 0.7 1.8 1* 372 | 493
11 4.8 2.8 0.4 2.4 1* 29.8 | 424
12 7.2 7.2 1.5 5.7 2 0.0 0.0
13 7.4 7.4 1.1 6.3 2 0.0 0.0
14 7.6 7.6 0.8 6.8 2 0.0 0.0
15 3.6 3.6 0.6 3.0 2 0.0 0.0
16 6.5 6.5 1.2 53 2 0.0 0.0
17 8.2 8.2 0.7 7.5 3 0.0 0.0
18 6.7 6.7 1.0 5.7 3 0.0 0.0
19 6.0 6.0 1.5 4.5 3 0.0 0.0
Total 115.0 90.0 14.8 75.2 184 | 20.5

Table 13. Activities list with the estimated corresponding times (total time, time for

searching & picking and time for assembly) in the case of cobot implementation when

the total time to assemble the Virtual Average Model is underestimated by 50%.

*=workstations where the cobot is implemented. (S & P stands for searching and

picking activities)
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Activity | Total | Total time | S & P | Assembling | Workstation | gP1+¢| yPI+
number | time | with DI+ | with DI+ | with DI + (%) | (%)
(s) C ) C () C )
1 9.1 5.3 0.9 4.4 1* 433 | 42.1
2 8.9 5.3 0.5 4.8 1* 44.4 | 39.0
3 4.3 2.9 0.4 2.4 1* 30.8 | 34.2
4 3.8 2.4 0.3 2.0 1* 25.5 | 379
5 3.1 1.9 0.4 1.5 1* 18.2 | 41.2
6 4.9 3.0 0.8 2.2 1* 304 | 40.5
7 7.9 4.0 0.8 3.2 1* 31.5 | 519
8 6.5 3.3 0.5 2.9 1* 38.8 | 50.4
9 4.5 2.4 0.6 1.9 1* 42.1 | 46.5
10 4.6 2.0 0.5 1.4 1* 51.7 | 59.2
11 4.8 2.2 0.3 1.9 1* 38.6 | 55.3
12 7.2 5.4 1.2 4.2 2 20.0 | 24.8
13 7.4 5.3 0.8 4.5 2 23.8 | 27.8
14 7.6 7.2 0.7 6.5 2 13.3 3.7
15 3.6 34 0.4 2.9 2 18.2 3.3
16 6.5 5.8 1.1 4.7 2 4.2 11.4
17 8.2 6.1 0.7 5.5 2 7.1 26.8
18 6.7 5.5 0.9 4.6 3 5.3 19.3
19 6.0 5.1 1.5 3.7 3 3.3 16.9
Total 115.0 78.6 13.2 65.4 25.6 | 32.7

Table 14. Activities list with the estimated corresponding times (total time, time for

searching & picking and time for assembly) in the case of both DI and cobot

implementation when the total time to assemble the Virtual Average Model is

underestimated by 50%. *=workstations where the cobot is implemented. (S & P stands

for searching and picking activities)

The costs per product in the case of an underestimation of the total time to assemble

the Virtual Average Model of 50% were 2.14 euro, 1.61 euro, 1.64 euro and 1.65 euro for

manual assembly, manual assembly with the implementation of DIs, manual assembly

with the implementation of cobots and manual assembly with the implementation of both

DIs and cobots, respectively. This time the “experimental” costs obtained from the

modified case study A match those found with the cost models since there is no effect of

balancing.
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However, this is not always the case, as if we consider an overestimation of 50% of
the total time to assemble the Virtual Average Model. In the following we will refer to
this case as to “modified case study B”. In this case, in fact, the costs provided by the cost
models differ from those obtained from the modified case study B, where we considered
again the experimental values of § and y reported in Tables 5, 7 and 9 and the activities
times of the Virtual Average Model reported in Table 3 increased by 50% (Table 15).
The costs models for the manual assembly system, manual assembly system with the
implementation of DIs, manual assembly system with the implementation of cobots and
manual assembly system with the implementation of both DIs and cobots report a cost
per product of 5.35 euro, 4.82 euro, 4.36 euro and 3.84 euro respectively, while the cost
from the modified case study B are respectively 7.49 euro, 5.36 euro, 6.01 euro and 4.41
euro. As mentioned earlier, the discrepancies are due to the fact that balancing is not
considered in the cost models: the cost models in fact consider a total number of
workstations equal to 10, 9, 8 and 7 for the manual assembly system, manual assembly
system with the implementation of DIs, manual assembly system with the implementation
of cobots and manual assembly system with the implementation of both DIs and cobots,
respectively, while from the modified case study B the number of workstations increased
to 14, 10, 11, 8, respectively (Tables 15, 16, 17, 18). Nevertheless, the decision support
system confirmed also in this case its reliability since it suggested to implement DI in any
case and use the cobot if its cost is low (the total time to assemble the Virtual Average
Model t = t" is now equal to 345.0 s, so we are still in the case with Cop = HIGH, Q =
HIGH and t = LOW), and the implementation of both DI and cobot was found to be the

cheapest solution from the analysis of the modified case study B.
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Activity Total time | Searching&Picking | Assembling (s) | Workstation
number (s) (s)
1 27.3 4.5 22.8 1
2 26.6 2.7 23.9 2
3 12.9 2.0 11.0 3
4 11.3 1.4 9.9 3
5 9.3 1.7 7.7 3
6 14.6 3.5 11.1 4
7 23.6 3.3 20.3 5
8 19.5 23 17.3 6
9 13.5 29 10.7 6
10 13.8 3.2 10.7 7
11 14.4 1.7 12.8 7
12 21.5 4.5 17.0 8
13 22.1 3.2 18.9 9
14 22.7 2.3 20.4 10
15 10.7 1.7 9.0 10
16 19.4 3.6 15.8 11
17 24.5 2.1 22.4 12
18 20.0 29 17.1 13
19 17.9 4.5 13.4 14
Total 345.0 53.4 291.6

Table 15. Activities list with the corresponding times (total time, time for searching &

picking and time for assembly) in case of an overestimation of 50% of the total time to

assemble the Virtual Average Model
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Activity | Total | Total time S&P Assembling | Workstation | gP7 | yP!
number | time with DI with DI | with DI (s) (%) | (%)
(s) () ()

1 27.3 26.0 4.1 21.9 1 10.0 3.9

2 26.6 24.9 2.2 22.7 2 16.7 5.0

3 12.9 12.3 1.6 10.7 2 154 2.7

4 11.3 10.9 1.3 9.6 3 4.3 3.0

5 9.3 8.8 1.3 7.5 3 18.2 2.0

6 14.6 13.9 3.3 10.6 3 4.3 4.1

7 23.6 23.0 3.2 19.8 4 4.1 2.2

8 19.5 19.1 2.1 17.0 5 4.8 1.7

9 13.5 12.9 2.7 10.2 5 5.3 4.2
10 13.8 11.7 2.6 9.1 6 17.9 | 14.1
11 14.4 12.0 1.2 10.8 6 29.8 | 15.3
12 21.5 16.3 3.6 12.7 7 20.0 | 24.8
13 22.1 16.0 2.4 13.6 7 23.8 | 27.8
14 22.7 21.6 2.0 19.6 8 13.3 3.7
15 10.7 10.1 1.3 8.7 8 18.2 3.3
16 19.4 17.4 34 14.0 9 4.2 11.4
17 24.5 18.3 2.0 16.4 9 7.1 26.8
18 20.0 16.5 2.7 13.8 10 5.3 19.3
19 17.9 154 4.4 11.1 10 3.3 16.9
Total 345.0 307.2 47.4 259.8 11.3 | 10.9

Table 16. Activities list with the estimated corresponding times (total time, time for

searching & picking and time for assembly) in the case of DI implementation when the

total time to assemble the Virtual Average Model is overestimated by 50%. (S & P

stands for searching and picking activities)
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Activity | Total | Total time S&P Assembling | Workstation | B¢ ol
number | time | with C (s) | with C (s) | with C (s) (%) | (%)
®)

1 273 16.8 2.8 14.0 1* 36.7 | 38.8

2 26.6 17.1 1.8 15.3 1* 333 | 35.8
3 12.9 8.8 1.5 73 2% 23.1 | 329

4 11.3 73 1.0 6.3 2% 255 | 364

5 9.3 6.0 1.3 4.7 2% 18.2 | 39.2

6 14.6 9.5 2.5 6.9 2% 26.1 | 37.8

7 23.6 12.5 2.4 10.0 3* 269 | 504

8 19.5 10.1 1.4 8.7 3* 38.8 | 49.6

9 13.5 7.8 1.8 6.0 3* 36.8 | 43.7
10 13.8 13.8 3.2 10.7 4 0.0 0.0
11 14.4 14.4 1.7 12.8 4 0.0 0.0
12 21.5 21.5 4.5 17.0 5 0.0 0.0
13 22.1 22.1 3.2 18.9 6 0.0 0.0
14 22.7 22.7 23 20.4 7 0.0 0.0
15 10.7 10.7 1.7 9.0 7 0.0 0.0
16 19.4 19.4 3.6 15.8 8 0.0 0.0
17 24.5 24.5 2.1 22.4 9 0.0 0.0
18 20.0 20.0 2.9 17.1 10 0.0 0.0
19 17.9 17.9 4.5 13.4 11 0.0 0.0
Total 345.0 2824 46.0 236.4 184 | 20.5

Table 17. Activities list with the estimated corresponding times (total time, time for

searching & picking and time for assembly) in the case of cobot implementation when

the total time to assemble the Virtual Average Model is overestimated by 50%.

*=workstations where the cobot is implemented. (S & P stands for searching and

picking activities)
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Activity | Total | Total time | S & P | Assembling | Workstation | gP1+¢| yPI+
number | time | with DI+ | with DI+ | with DI + (%) | (%)
(s) C ) C () C )
1 27.3 15.8 2.6 13.2 1* 433 | 42.1
2 26.6 16.0 1.5 14.5 1* 44.4 | 39.0
3 12.9 8.6 1.3 7.2 2% 30.8 | 34.2
4 11.3 7.2 1.0 6.1 2% 25.5 | 379
5 9.3 5.8 1.3 4.5 2% 18.2 | 41.2
6 14.6 9.0 2.4 6.6 2% 304 | 40.5
7 23.6 12.0 2.3 9.7 3* 31.5 | 519
8 19.5 9.9 1.4 8.6 3* 38.8 | 50.4
9 13.5 7.3 1.7 5.7 3* 42.1 | 46.5
10 13.8 5.9 1.5 4.3 3* 51.7 | 59.2
11 14.4 12.0 1.2 10.8 4 29.8 | 15.3
12 21.5 16.3 3.6 12.7 4 20.0 | 24.8
13 22.1 16.0 2.4 13.6 5 23.8 | 27.8
14 22.7 21.6 2.0 19.6 6 13.3 3.7
15 10.7 10.1 1.3 8.7 6 18.2 3.3
16 19.4 17.4 34 14.0 7 4.2 11.4
17 24.5 18.3 2.0 16.4 7 7.1 26.8
18 20.0 16.5 2.7 13.8 8 5.3 19.3
19 17.9 154 4.4 11.1 8 3.3 16.9
Total 345.0 241.2 39.9 201.3

Table 18. Activities list with the estimated corresponding times (total time, time for

searching & picking and time for assembly) in the case of both DI and cobot

implementation when the total time to assemble the Virtual Average Model is

overestimated by 50%. *=workstations where the cobot is implemented. (S & P stands

for searching and picking activities)

In conclusion, the decision support system presented here appears to be a reliable

tool to understand whether the introduction of assistive technologies may be beneficial

from a cost perspective, even in the case of a mistake of £50% in the estimation of the

total assembly time. However, further analyses need to be carried out to evaluate the

validity of the proposed decision support system.
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7. Discussions and managerial implications

In this paper, a decision support system aiming to assist managers and practitioners
in the decision whether implementing DIs and/or cobots in assembly stations has been
developed. To do so, a parametric analysis based on four different cost models (one per
each assembly configurations, i.e. manual assembly, manual assembly with the
implementation of DIs, manual assembly with the implementation of cobots and manual
assembly with the implementation of both DIs and cobots) have been carried out. It is
worth mentioning that these costs models have been written for the introduction of DIs
and/or cobot, but any other technology could have been considered and therefore it is
possible to easily extend the analysis to the use of other technologies not herein
considered. To do so, the only input parameters needed are the costs and improvements
in assembly and searching & picking operations associated with the introduction of new
technology. The decision support system so developed is of immediate use. In fact, once
managers and practitioners have the required input (i.e., hourly cost of the human
operator, throughput, total operations time and percentage of time engaged in searching
and picking activities, which are all generally known in the design phase), the use of the
developed decision support system is easy and fast since they have just to choose the leaf
of the decision support system corresponding to their case. It is again worth mentioning
that decision tree herein proposed does not aim to provide any detailed information about
the cheapest assembly system configuration, but only which assembly system
configuration need to be investigated in detail to find the best one. This is due to one of
the main limitations of the cost models, namely the neglect of the balancing and other
information related to the operational level (sequencing, feeding policies and so on). This
was evident from the case study: the cheapest solution suggested by the cost models was

the assembly system with the implementation of the cobot, which differs from that found

53

http://mc.manuscriptcentral.com/tprs Email: TPRS-peerreview@journals.tandf.co.uk



coNOTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

International Journal of Production Research

experimentally in the case study (i.e. assembly system with the implementation of the
cobot and DI). Although the cost models reported the solution with the implementation
of both the cobot and DI to be slightly different from that suggested as optimal, this
drawback needs to be overcome to develop a complete tool able to provide detailed
information about the best solution. Therefore, developing a decision support system able
to consider the balancing, sequencing and other information related to the operational
level is highly important, and it represents a research topic that the authors are currently
investigating. One possible solution to achieve this goal is that of integrating the cost
models with simulation tools.

Furthermore, the decision support system has also been proved to be robust towards
an error in the estimation of the total time to assemble a product. Usually, during the
design phase, it might happen that the total time to assemble the product is overestimated
or underestimated. In this work, the authors have tested the decision support system in
the case of an overestimation and underestimation of the total time to assemble the
product of 50%. The decision support system revealed to be robust against the variation
of the total time to assemble the product since the results of the case studies were in line
with what reported by the decision support system. This confirms the reliability of the
decision support system herein proposed in understanding whether the introduction of
assistive technologies may be beneficial from a cost perspective. Further analyses are
however needed.

Another limitation of this work is that the decision support system herein presented
has been developed considering only one single product (typically the Virtual Average
Model), while instead assembly lines are usually designed for multi-products (product
families). In this perspective, the benefits provided by DI and/or cobot might change, and

this also represents a research topic that the authors are investigating, together with the
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considerations of stochastic operational times and errors in the cost models. In fact, in
situations where the effects of searching and picking errors and/or assembly errors are
significant, the introduction of these assistive technologies can significantly improve the
quality of the process, leading to error-free systems. This implies a major reduction of
costs, seen as potential benefits/additional profits due to the system’s higher quality and
higher throughput. This must be compared with the extra costs associated with these
technologies via a return on investment analysis to determine whether their

implementation will be profitable.

8. Conclusions

The implementation of assistive technologies in assembly systems has been
investigated in a limited way. The literature review made clear that it is necessary to
introduce a decision support system that can support practitioners in the assembly system
design at the tactical level, where the introduction of assistive technologies like DIs and
cobots can be evaluated from a cost perspective. In fact, several contributions have been
developed concerning the technological aspects of the implementation of these
technologies, while their effects on the design of assembly system configurations have
not yet been investigated. This paper contributes to cover this research gap thanks to the
development of a decision tree based on cost models of four different assembly system
configurations (i.e. manual assembly, manual assembly with the implementation of DIs,
manual assembly with the implementation of cobots and manual assembly with the
implementation of both DIs and cobots).

The decision tree, obtained from a parametric analysis based on the mentioned
cost models, can guide practitioners in their decisions regarding the circumstances (cop,
Q, t and o)) under which the human operator can be conveniently assisted. The decision

tree herein proposed does not aim to provide any detailed information about the cheapest
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assembly system configuration, but only which assembly system configuration need to
be investigated in detail to find the best one. For the case considered (c,, = HIGH, Q =
HIGH, t=LOW), the decision support system suggested implementing DIs and/or cobots
if the cost of cobot is low, that matches the results find from the case study, where the
solution implementing both DI and cobot was found to be the cheapest. Furthermore, the
decision support system was also found to be robust against an overestimation and
underestimation of the total time to assemble the product of 50%, confirming again its
trustworthiness. The development of this decision support system is thus beneficial in a
perspective of continuous technological improvements as that we are currently
experiencing since it allows a fast and easy understanding of whether the introduction of
a new technology is worthy to be investigated in details or not. In fact, the cost models at
the base of the decision support system can be used to develop decision support systems
also for other technologies, not only for DIs and cobot. In light of this, it is thus clear that
this work can serve as a breakthrough in the support to managers and practitioners for the
understanding of whether a new technology should be considered for implementation or
not.
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