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Abstract. In the dynamic environment of today's manufacturing industry, com-
panies need to be changeable, i.e. capable of adapting to changes quickly and
cost-effectively. In this context, the diagnosability characteristic, allowing fast
and economic ramp-ups of new manufacturing settings, becomes particularly rel-
evant. Depending on their diagnosability requirements, companies can exploit
different technologies and applications. In this study, five diagnosability require-
ments have been identified. Through a literature review, the five requirements
have been further investigated; thus, the extent to which these five requirements
can be fulfilled, and their enabling technologies and applications has been speci-
fied. Finally, a case study has been conducted to show how diagnosability re-
quirements are fulfilled differently in three manufacturing contexts.
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1 I ntroduction

Manufacturing companies incessantly face challenges due to evolving
market requirements, governmental regulations, dynamic shifts in tech-
nology and sustainability requirements. In response to these challenges
companies are required to change their processes and manufacturing sys-
tems. To this end, the term changeability has been used in liteagture

an umbrella concept to refer to the generic capability of a system to dy-
namically change as quickly, effectively and economically as possible
[3, 20]. At the manufacturing system level, changeability can be fulfilled
through Reconfigurable Manufacturing Systems (RMS) R3ISs are
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capable to repeatedly change and/or rearrange their components in a
cost-effective way in order to quickly adjust production capacity and
functionality to accommodate evolving requirements [15]. To this pur-
pose, RMSs can be deconstructed according to six core characteristics:
modularity, integrability, diagnosability, scalability, convertibility and
customization [9]. Amongf these characteristics, diagnosability ko

fast and eventually automatic fulfillment of one or more of the following
requirements:

Req. 1. Avoid quality and reliability problems [4, 12,;19]

Req. 2. Detect and localize quality and reliability problems [9, 18];
Req. 3. Identify causes of quality and reliability problems [9, 19];
Req. 4. Correct quality and reliability problems (local action) [4; 21]
Req. 5. Identify alternative solutions for error or failure recovery
(systemic action) [11].

Two reasons make diagnosability particularly relevant. First, as recon-
figurations of manufacturing systems should be quick and economic, di-
agnosability allows companies to implement more frequent reconfigura-
tions by ensuring that the system is capable to quickly reach stable pro-
duction after reconfigurations. Secondly, Industry 4.0, leading to the in-
creasing availability and exploitation of high quantities of digital data,
promises to support companies in developing diagnosability. Therefore,
this paper focuses on the diagnosability characteristic of RMSs and ad-
dresses the following two research questiot$ow can the five diag-
nosability requirements be fulfilled in different manufacturing con-
texts? ” and “which technologies and applications enable the five diag-
nosability requirements?”

Through literature review, a framework for mapping the five diagnos-
ability requirements and enabling technologies and applicatsqmn®-
vided in this study. Subsequently, through a case study, the framework
is applied to three cas@o show how diagnosability requirements are
fulfilled in these contexts.

2 Literaturereview

A literature search was conducted in Scopus, combining the key-words
“diagnosability” and “manufacturing system”. Literature published after
2011 was considered. Through this search, 18 papers were selected and
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used for the construction of the proposed framework due to their rel
vancy, as detailed in the remainder. 3&&8 papers were selected and
classified based on the following criteria: (i) the publication referenced
diagnosability requirements, meaning any of the five requirements (from
req. 1 to req. 5) listed in Section 1; and/or (ii) the publication suggested
technologies and applications enabling the fulfilment of the stated re-
quirements.

Hereafter, the results of the literature review are summarized.

Diagnosability requirements publications: three papers referenced
req. 1 (avoid quality and reliability problems) [9, 15,;19] papers ref-
erenced req. 2 (detect and localize quality and reliability problems) [1, 4,
18, 5-9, 13, 14, 16]; 14 papers referenced req. 3 (identify causes of qual-
ity and reliability problems) [2, 4, ¥19, 21, 511, 13} five papers ref-
erenced req. 4 (correct quality and reliability problems) [4, 6, 10, 13, 21]
and, one paper referenced rédidentify alternative solutions for error
or failure recovery) [11].

Technologies and applications publications. from the 18 papers iden-
tified in the review, three papers referenced reconfigurable inspection
resources [8, 18, 19]; one paper referenced units designed for replace-
ment [17]; and one paper referenced built-in redundancy [11]. As a con-
sequence of Industry 4.8 number of not necessarily recent technologies
coupled with new applications can be associated to diagnosability. This
includes: sensors [11, 14, 19]; Internet of Things [14]; big data analytics
[7, 17]; tracking/monitoring information systelf7s-9]; digitally assisted
operators [12]; digitally-enabled poka-yoke mechanisms [9, 15]; verifi-
cation of correct position of products in machines’ feeding systems [6,

19]; smart devices [14]; actuators [14].

Fig. 1 summarizes the results of the literature review: diagnosability
requirements can be fulfilled to different extents, recurring to a number
of technologies and applications. For example, req. 1 can be fulfilled
through either manual, semi-automatic or automatic avoidance of prob-
lems, exploiting technologies and applications such as digital poka-yoke
mechanisms, verification of therrect position of products in machines’
feeding systems and digital assistance systems.
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Fig. 1. Diagnosability requirements, extent to which they can be fulfilled, and their enabling
technologies and applications

3 Case study

Three companies, which over the past five years have been working to
increase their diagnosability and the level of automation within their pro-
cesseswere analyzed from October 2020 to May 2021.

e Case #1 is involved in the manufacturing of outdoor furniture, produc-
ing roughly different 216 products with 800 employees. The facility is
equipped with automated robotic stations, manual production stations
and various finishing solutions.

e Case #2 designs and manufactures 41 high-precision telecommunica-
tions and technological solutions, for commercial, space and defense.
The facility with 1200 employees is equipped with automated and
manual production processes.

e Case #3 manufactures 11 specialized products for military aircraft,
with international operations. Comprised of roughly 850 employees
they design and manufacture high-precision products through various
automated and manual processes.

Based on the results of the literature review, a questionnaire comprised
of both closed and open-ended questions was built and used for the anal-
ysis. Closed-ended questions aimed at the: (i) identification of diagnos-
ability requirements (from req. 1 to req. 5), (ii) identification of technol-
ogies and applications supporting diagnosability requirements, and (iii)
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quantification of the existing level of diagnosability, based on require-
ments and technologies and applications. Open-ended questions aimed
at catching further insights on enabling technologies and applications.

In each case, the production manager (or delegate) was interviewed.
To quantify the existing level of diagnosability, closed-ended questions
were scored using a Likert scale (5 points scale; 1,3,5,7,9), so the re-
spondent could choose their company’s practice level. The lowest levels
scored with 1 correspord to a poor practice, while the highest-level
scored with 9 correspordto a best practice. Finally, an overall measure
of the extent to which the five classes of diagnosability requirements are
fulfilled was obtained.

4 Results

The results of theasestudy are summarized in the remainder, where the
requirements and the technologies and applications within each case
were analyzed and detailed.

Table 1. A measure of the overall level of diagnosability, based on the fulfiiment of the five re-
quirements in the three cases (classes of diagnosability requirements are listed in Fig. 1)

S Classes of Diagnosability Requirements
80%,/™
5
Alternatives Detection 8 - § - g
S k=l = [} ®
S 8 p= 3 =
g 5 g 8 z
< [a)] = @ <
- N ™ < [T}
Recovery Identification g g 8 g g
—Case #1 —Case #2 3 @ x a4 g [0
Case#1 - 80.0% 78.5% 88.6% 83.8% 73.3% 63.6%
Case#2 - 87.5% 86.3% 93.4% 89.8% 86.4% 80.7%
Case#3-89.1% 85.2% 94.6% 93.2% 92.4% 82.3%
Average 83.3% 92.2% 88.9% 84.0% 77.2%
Standard Deviation 0.042 0.032 0.048 0.098 0.104

For each case, the overall level of diagnosability, based on the fulfill-
ment of the five classes of requirements (from req.1 to req. 5), is synthe-
sized in Table 1. As shown in Table 1, Case #3 has generally a higher
level of fulfillment of the diagnosability requirements. Moreover, the
highest variation between the three cases is observed in reqg. 5.

An analysis of the extent to which requirements are fulfilled, allowing
to better understand how these are fulfilled, is summarized in Table 2.
For example, from Table 2 it can be deducted that the highest variation
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between cases observed in req. 5 can be attributed to differences in the
level of automation and the responsiveness of the solutions adopted in
the three cases.

Table 2. Extent to which requirements are fulfilled in the three cases

Case#l Case#2 Case#3
Reg.1 Semi-automatic and manual Automatic and semi-automatic Automatic and semi-automatic
Semi-automatic and manual Automatic and semi-automatic Automatic and semi-automatic
Req.2 Adjustable detectior] Adjustable detectior} Adjustable detectior]
"~ Event-based detection Event-based detection Event-based detection
Sample dimensions (% of products) Sample dimensions (all products)  Sample dimensions (all product
Manual Semi-automatic and manual

Semi-automatic and manual

Required time (average/slow) Required time (very fast)

Req.3 . . . Required time (fast) . . .
:;g)wred accuracy of diagnostics (a\Required accuracy of diagnostics (hitgtzﬂ;lrr]?;h;\ccuracy of diagnostic
Req.4 Manu'al . Manugl . Semi—'automatic and manual
" Required time (average/slow) Required time (fast) Required time (very fast)
Req.5 Manu_al . Semitautomatic and manual Semi—_automatic and manual
"~ Required time (slow) Required time (fast) Required time (fast)

Finally, different technologies and applications are exploited to fulfill
the five diagnosability requirements, as summarized in Table 3.

Table 3. Enabling Technologies and Applications (the list is in alphabetic order) in the three

cases (Cases #1, #2 and #3 are indicated in the table respectively with 1, 2 and 3)
Enabling Technology/Application Reg. 1 Reg. 2 Reg. 3 Reg. 4 Reg. 5
Actuators 1,2,3
Augmented reality 3 3
Big data analytics 3
Built in redundancy 1,2,3
Combination of sensors and loT 1,2,3
Digitally assisted operators 1,2,3
Machineto-machine communication 3
Manufacturing Executlon_ System and control sys 123 123 123
tem (Programmable Logic Controllers)
Poka-yoke mechanism (or similar) 1,2,3
Reconfigurable inspection resources 1,2,3 1,2,3
Replaceable units 1,2,3
Robotics 1,2,3
Tracking/monitoring information systems 3 3
Sensors 1,23
Smart devices 1,2,3 1,2,3 1,2,3
Verification of correct position of products in ma-
chine feeding systems

Five technologies and applications have been added to those identified
through the literature review, these are: (i) augmented reality to fulfill
req. 1 and req. 5; (ii) machine-machine communication to fulfil req.

5; (iif) Manufacturing Execution System and control system to fulfil req.

1 and req3; (iv) Programmable Logic Controllers to fulfil req. 4; and

(v) robotics, to fulfil req. 1. Moreover,&8e#3 shows that the combina-

tion of sensors and 10T can be used to support req. 5 (thus, extending the
results of the literature review which shewn Fig. 1 - that this technol-
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ogy supports the req. 2 and req. 3). Case #3 also shows that the track-
ing/monitoring information system can be used to support reg. 1 and req.
3 (other than req. 2 as resulting from the literature review).

5 Conclusions

Given the relevance of the diagnosability characteristic in the current
manufacturing scenario, this study aimed to uncover and detail five di-
agnosability requirements (from reg. 1 to req. 5) through a literature re-
view and a case study.

The literature review found that the five diagnosability requirements
can be fulfilled to different extents, through several technologies and ap-
plications. From the literature review, it can be concluded that req. 2 and
req. 3 are the currently most investigated, while req. 1, req. 4 and req. 5
deserve further research, especially in the light of new potentialities of-
fered by Industry 4.0.

The case study showed how diagnosability requirements are fulfilled
in three different manufacturing companies in disparate manners. The
managerial implications of this study lie in the possibility for a company
to describe its diagnosability, and eventually identify requirements, and
select technologies and applications to improve the diagnosability level.
Given the relevance of diagnosability today, further research should aim
at building a maturity assessment model based on the results of this in-
vestigation. Moreover, technologies and applications should be further
investigated through additional empirical research.

A limitation of this study is that the technologies and applications have
been roughly treated together, future research should first specify which
applications allow companies fulfilling their diagnosability require-
ments, and then specify the technologied can be used in the applica-
tions. Moreover, the results of the three cases are based on qualitative
information collected through interviews, further research should aim at
providing unbiased measures of the fulfilment of diagnosability require-
ments, to then allow a proper investigation of the status of fulfillment of
diagnosability requirements in industry.
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