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Abstract: The correct performance of the welding processes used to join metal parts or structural
elements is considered to be of vital importance to guarantee the reliability of these products during
their useful lives. Adequate workstation design ensures a safe environment in which an operator
can perform these processes correctly. In order to guarantee the quality of welding seams, which
are used to join metal parts and structural elements, a series of standards have been developed;
these standards establish requirements to guarantee the correct performance of welding processes,
and the inspection of the metal welds obtained. The 55 methodology has proven to be a valid tool
for improving workplaces in industrial and service activities; it is a capstone methodology when
companies implement lean production approaches. This work presents a framework for applying
the 55 methodology in metal welding workplaces. It defines an index to evaluate the degree of
implementation of the 55 methodology, and the application of the important performance analysis
methodology (IPA). Fuzzy logic is used to treat the uncertainty in evaluating the different evaluation
indicators proposed. This framework is applied to a real practical case, to provide an example of its
use in establishing good manufacturing practices that guarantee compliance with the requirements
of welding standards, and guaranteeing the correct handling and storage of the materials and tools
used in welding processes for the manufacture of welded parts and structural elements.

Keywords: 5S; important performance analysis; welding; metallic structural elements

1. Introduction

Nowadays, the joining of metal parts and structural elements through welding is
widely used in sectors such as railways, shipbuilding, and the automotive and construction
industries, among others. The design and development of capital goods, railway rolling
stock, ships, motor vehicles, the metallic structures of buildings, and civil constructions
requires a collaborative effort between all the personnel of the various technical offices and
specialised engineering companies [1].

The scientific literature presents different studies on the electric arc welding pro-
cess [2-5] but, even with a correct design or a design that is appropriate for the intended
purpose of the unit, equipment, or projected structural element, sometimes a series of risks
appear during the elements’ manufacturing or execution phases, which can potentially
result in the production of defective welds; these risks can undermine the reliability of
the product during its operation or life cycle, and the most serious potential consequence
is the breakage of the welding seams, which can lead to economic losses or the loss of
human life. For this reason, a series of specialised standards have emerged in recent years
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to guarantee the safety and quality of welding seams in metal parts or structural elements
manufactured in workshops, production plants, shipyards, etc. ISO 3834 [6], EN 15085 [7],
and EN 1090 [8] are examples of specialised standards for metal welding processes for
controlling the manufacture of metal products, parts, and structural elements

The risks associated with welding processes can be minimised by correctly applying
these standards. To guarantee compliance with these standards, the 55 methodology [9]
is recommended; this methodology can be applied in all types of companies, whether in
workshops, warehouses, or offices. The 55 methodology aims to improve and maintain
the organisation, order, and cleanliness of the workplace. The aim is to improve working
conditions by increasing safety through the elimination or mitigation of risks. In our case,
the methodology has a dual purpose: improving working conditions by reducing risk for
the people involved in manufacturing the products, while at the same time reducing the
risk of defective welding seams.

The application of 5S has produced good results in industrial environments [10-13],
improving safety [14] and sustainability [15], and in other environments such as stores [16]
and education [17]. Randhawa and Ahuja’s empirical analysis, which focuses on different
aspects such as productivity, quality, safety, the use and visualisation of the workplace,
and Kaizen improvements [10], highlights how the application of 55 benefits the general
development of the organisation. Their analysis of various studies on the application of 55
concludes that, although it appears simple to apply, in reality it is not. It also shows how 55
and its lean approach are integrated with and related to other quality tools such as TPM, the
Kanban system, quality circles, Kaizen, and lean manufacturing, and that mechanisms need
to be integrated in order to assess the degree of implementation of 55 [18]. In line with this
approach, a systematic methodology is presented to assess the degree of implementation of
the 55 methodology, to propose improvement actions, and to quantify the improvement
obtained. To this end, we propose using the important performance analysis methodology
(IPA) as a tool for determining improvement actions, while applying fuzzy logic to treat
evaluation uncertainty. An index is also proposed for measuring the degree to which
the 55 methodology has been implemented in the process. The methodology presented
in this paper is intended as a framework for applying the 5S methodology in the metal
welding process. This work presents a practical case that shows the results of applying this
methodology in a real environment.

2. Materials and Methods

The 55 methodology could improve the joining of metal parts and structural elements
by means of electric arc welding, following 4 steps (Figure 1). In the first step, a system of
indicators is defined for the production process, as well as an evaluation methodology to
define both the initial state and the impact of the improvements applied to the production
process. In the second step, which is centred on a 5S audit, the current process is evaluated,
and proposals are made for improving the workplace. The proposed improvements are
implemented in step 3. Finally, in step 4, the impact of the implemented improvement
proposals is evaluated.

The first step of this proposed methodology requires knowledge of the indicators
used in the scientific literature, as well as those indicators that are more directly related to
the welding process. However, the study of the process, and the generation of improve-
ment proposals and their evaluation, require the knowledge of experts. The proposed
methodology models the knowledge of the experts, taking into account a certain degree of
uncertainty in their assessments, and proposes a general index to evaluate the degree of
implementation of the 55 methodology.

It was necessary to apply the proposed methodology in a small company in the metal
sector to evaluate its first results.
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Figure 1. A 55 approach to improve the process of joining structural metal parts using electric arc
welding processes.

2.1. Establishing the 5S Methodology

In order to improve the organisation of storage areas and the welding process itself, the
55 methodology is used as a tool for continuous improvement. The aim is to reduce the risk
of producing defective welds, by increasing the safety, ergonomics, and sustainability of the
workplaces where the welding processes are carried out. The 55 Methodology corresponds
to the initials of five Japanese words that name each of the five phases of the methodology.
These phases are:

e  SEIRI—SORT: identify and separate necessary and unnecessary materials, discarding
the latter.

e  SEITON—SET IN ORDER: establish how the necessary materials should be located
and identified so that they can be easily and quickly found, used, and replenished.

e  SEISO—SHINE: identify and eliminate sources of dirt, ensuring that all equipment is
always in perfect condition.

o  SEIKETSUS—STANDARDISE: easily distinguish a normal situation from an abnormal
one, by means of simple rules that are visible to all.

e  SHITSUKES—SUSTAIN: work in accordance with what has been established in the
previous phases at all times.

To implement the 55 methodology, a multidisciplinary working group should be
created, comprising each of the organisation’s managers. This group will be responsible
for ensuring that all of organisation’s staff apply the 55 methodology. Once the multidisci-
plinary working group has been established, both the group in question and the rest of the
company’s employees must receive training in the application of the 55 methodology.

Once all of the staff have been trained, it is usual to select a pilot area in which the 55
methodology is applied and which can be used to validate the methodology, as well as
providing an example of application for the rest of the production and storage areas in the
industrial building. An essential work plan should be established to progressively improve
all of the work and storage areas.

2.2. Performance Indicators

A total of 16 indicators have been defined to evaluate the performance of the process.
The choice of indicators takes into account the needs imposed by the ISO 9001 and EN
15085 standards, as well as the five implementation phases of the 55 methodology. There
are 2 indicators related to productivity (overall activity and welding activities), 4 related to
quality and its associated costs (overall no quality, no quality, no quality cost, and quality
cost), 4 related to the impact of the process (total workcells, welding workcells, safety,
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and ergonomic), 1 indicator related to the cost of implementing improvement proposals
(improvement cost) and 5 indices to measure the degree of application of each of the phases
of the 55 methodology (1S index, 2S index, 35S index, 45 index and 55 index). All of these
indicators are described in Table 1.

Table 1. Indicators defined for the evaluation process.

# Identifier Description

1 Overall activity Total number of work orders completed

2 Welding activities % of work orders requiring welding per year

3 Overall no quality Total number of non-conformities per year

4 No quality Total number of non-conformities originating from welding process
5 No quality cost Non-quality costs

6 Quality cost Quality costs

7 Improvement cost Cost of improvements implemented

8 Total workcells Total number of jobs affected by improvements

9 Welding labour Total number of workers in the company affected by the improvements
10 Safety Degree of safety in the workplace

11 Ergonomic Degree of ergonomics in the workplace

12 1S index Degree of implementation 1S: SEIRI—SORT

13 2S index Degree of implementation 25: SEITON—SET IN ORDER

14 3S index Degree of implementation 35: SEISO—SHINE

15 4S index Degree of implementation 4S: SEIKETSUS—STANDARDISE

16 55 index Degree of implementation 5S: SHITSUKE—SUSTAIN

These indicators were considered a basic component of the company’s management
scorecard, with the company’s quality manager responsible for recording the values of
the indicators in the scorecard. The non-quality costs indicator refers to the costs associ-
ated with repairing non-compliant manufactured products. Also included are the costs
associated with transport between the company and its customers for the removal of
non-compliant products, and the delivery of repaired or re-manufactured products. The
indicator quality costs refer to the costs associated with hiring an engineer for the position
of quality manager, the costs of consultancy services, and the purchase and calibration of
measuring equipment, as well as the costs of ISO 9001 and EN 15085 system certification.
The safety and ergonomics indicators relate to the number of process-related accidents
and injuries, as well as the opinion of the operators, and the technical evaluation by the
company’s engineering department, of working conditions at the workstation.

The indicators corresponding to the indices of each of the 55 methodology phases (1S
index to 55 index) are related to the 5S audit methodology proposed by Ho [5], which is
based on his checklist [19].

2.3. Evaluation Procedure

Once the working methodology and the performance indicator systems have been
defined, a procedure must be established for evaluating the initial process performance,
as well as the performance of the process incorporating the proposed improvements. To
this end, a double analysis is carried out (Figure 2). Indicators 1 to 11 and the important
performance analysis methodology (IPA) [20] were used to classify the process’s perfor-
mance according to the performance of the welding process, and according to the selected
indicators and the importance that each of these indicators has for the organisation. The
IPA methodology has shown good results for analysing cost saving solutions [21], customer
satisfaction [22,23], customer loyalty [24], supplier selection [25], health awareness [26],
service quality [27,28], experience of service and products [29,30], and security incident
management [31]. The scientific literature shows different approaches to the IPA method-
ology [32,33] that divide the different fields of the IPA matrix [27,32-36], some of them
integrating fuzzy logic [37,38]. In this case, we propose using the approach described
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by Wyréd-Wrobel and Biesok [32], which divides the IPA matrix into 6 distinct zones:
keep up the good work, warning, concentrate here, improve, low priority, and possible
overkill—leave.

Performer
Fuzzy — Defuzzification
Index
IPA
Analysis
Importance
Index
Index
Define

={ 1S Fuzzy Index '—

=|] 2S Fuzzy Index |—
5§

Index

=|| 4S Fuzzy Index lf

=I] 5S Fuzzy Index l—

Figure 2. Evaluation procedure and performance indicators.

Fuzzy logic was used to incorporate uncertainty in evaluating the importance of
indicators 1 to 12, and in evaluating the process performance according to all indicators
described in Table 1. The evaluation was carried out using a 5-level Likert scale with a
trapezoidal function associated with each level [39], as shown in Table 2. Fuzzification was
performed using the max —min method. Defuzzification was performed using the centre of
gravity method [40].

Table 2. Form functions for indicator evaluations.

Type Parameters Linguistic Term
{a,b,c d}
(3.93, 4.29, 4.75, 5.00} Very good
' 12.86,3.21, 3.93, 4.29) Good
{1.79, 2.15, 2.86, 3.21] Fair
{0.72,1.07,1.79, 2.15) Poor
a b c d {0.00, 0.36, 0.72, 1.07} Very poor

In this study, a holistic approach was used to evaluate 5S implementation, defining a
global index as the arithmetic mean of the values obtained for the 1S to 55 indices. Using the
value obtained when calculating this average, Table 3 defines the level of implementation
of the 55 methodology and the improvement actions that the process may require.

Table 3. Level of implementation and actions to be taken, according to the value of the global 55
implementation index.

Value Level Action
>4.5 Level 5: Very good Implementation is correct
>3.5-4.5 Level 4: Good Continue actions to improve implementation in the medium term
>2.5-3.5 Level 3: Fair Continue actions to improve implementation in the short-term
>1-2.5 Level 2: Poor Continue implementation improvement actions immediately
0-1 Level 1: Very poor Implementation is not correct or has not been carried out
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3. Results

The proposed methodology was applied in a real case in a small company in the metal
sector, dedicated to building metal structures. The main types of metallic materials used are
carbon steels, stainless steels, and aluminium alloys, in their different standardised formats,
such as sheets and metal sections. The company has a staff of 11 workers, 3 of whom are
exclusively dedicated to the arc welding process. The work team consists of three engineers.
The indicators were measured by an engineer from the company’s quality department
(see Value column, Table 4). In total, two engineers from the company’s engineering
department made proposals for improving and implementing the 5S methodology. All of
the indicators were evaluated, applying the methodology described in the previous section,
by all members of the work team. The individual scores for each indicator were synthesised
using the geometric mean [41].

Table 4. Value of indicators: initial state.

Initial State

Index Value Evaluation
Performance Importance
Overall 611 1.62 4.57
productivity
Welding activities 367 2.30 421
Overall no quality 5 0.54 4.01
No quality Not evaluated 0.21 4.57
No quality cost Not evaluated 0.10 0.89
Quality cost Not evaluated 0.10 2.26
Improvement cost Not evaluated
Total workcells 3
Welding labour 3
Safety No accidents 3.03 3.74
Ergonomic No injuries 2.61 3.50

3.1. Initial State

Table 4 shows the indicator values in the initial situation. The indicators were eval-
uated with respect to their behaviour and importance, according to the methodology
described in the previous section. The workstations had not set up a logical ordering of
materials, parts, and tools, or a system for the identification and general cleanliness of the
workstation resources. Nor was there a single procedure for action among the operators.
Although the workplaces did not have the best safety and ergonomic conditions, no acci-
dents or injuries had been recorded in the company. Not all of the quality costs and quality
incidents are recorded.

The IPA matrix (Figure 3) shows that the recording of quality-associated costs is an
area for improvement; it also recommends that special attention be paid to process safety
and ergonomics, and a focus be put on increasing production and activity in welding
processes. The evaluation of 5S methodology implementation levels shows insufficient or
non-existent use of the 55 methodology in the production process (Table 5).
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Table 5. Initial evaluation of the degree of implementation of the 5S methodology.

Index Initial Evaluation
1S index 1.21
2S index 0.73
3S index 1.24
4S index 1.01
5S index 0.51
Global 55 index 0.94
Action Level 1
IPA Chart

5 ‘ Welding Activitie
45 | ® No Quality .\ / — Warning

/. Concentrate

35 Overall

® Ergonomic

S 3 Overal! No  Here productividad Neepup
z Quallity the good work
5 25 :
= ) ® Quality Cost
£ Improve

15 -

.whty Cost Low Possible Overkill
05 Priority
0
0 0.5 1 15 2 25 3 35 4 45 5
Performance

Figure 3. IPA matrix evaluation: initial state.

3.2. Improvement Proposals and 5S Mehtodology Application

Taking into account the results shown in the previous section, the 55 methodology
is implemented in the company’s welding stations. Following the five phases, in the
organisation phase, unnecessary tools and materials will be separated from those that are
necessary, eliminating all those materials and tools that are no longer useful. In the order
phase, the various workstations and storage areas are organised in the best possible way so
as to avoid unnecessary movement and transport, allowing tools and materials to be located
quickly. In this phase, tools and all work and storage areas will also be identified using
labels, cards, and signs, establishing a colour code that allows tools and materials to be
quickly identified. Once the workstations, tools, and storage areas have been organised, the
cleaning phase begins, establishing cleaning rules that must be followed by all staff. What
is to be cleaned, the frequency of cleaning, who is to clean, and what cleaning resources or
materials are to be used, must all be established. To ensure compliance with organisation
and cleanliness, the visual control phase is applied by placing charts and photographs that
indicate the organisation and cleanliness achieved in each work and storage area, to avoid
returning to previous situations in which there was a lack of organisation and cleanliness.
To guarantee compliance with the established organisation and cleanliness, this phase must
include a periodic 5S audit to guarantee compliance with what has been established in
the previous phases, visiting each of the work and storage areas of the industrial building
in order to evaluate compliance with the methodology. Finally, the discipline and habit
phase will be applied by raising staff awareness, which is a very important requirement to
guarantee compliance and the maintenance of the 55 methodology over time.

An improvement sheet has been created to facilitate improvements, which identifies
the current situation to be improved, the improvement proposal, and the improvement
implemented. Figure 4 shows an example of an improvement sheet (Figure 4).

The proposal is to implement improvements for the storage and handling of products,
and for the prevention of contamination during the bending process, as well as for the
organisation of the process itself in the welding stations. Table 6 shows objectives and
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recommendations for the storage and handling of products. These recommendations were
developed as shown in Figures 5 and 6.

IMPROVEMENT DOCUMENT
Number: 0919
Workplace Workstation (001
Proposed by Date
Reviewed by Date

INITIAL STATE

IMPROVEMENT PROPOSAL:

Human Resources

Technical Resources

Implantation Leader

Manager

Time

Improvement Cost

IMPROVEMENT PROPOSAL

Closed by
Manager

Date
Date

Figure 4. Example of an improvement sheet for applying the 5S methodology.

Table 6. Improvement proposals: objectives and recommendations for the storage and handling

of products.
Scope Objective Recommendations

° If there is limited space available, and the carbon steels, stainless steels,
and aluminium alloys materials must be stored on the same shelf, they
should be grouped by type on each shelf in the following order:
aluminium alloys on the top, stainless steels in the middle section, and
carbon steels at the bottom (Figure 5).

. A colour code shall also be used for each material. Thus, blue will be
used for aluminium alloys, yellow for stainless steels, and green for
carbon steels. The same colour code must be used to identify work tools,

e  To avoid contamination between in order to associate the tools with each type of material
different types of materials. . Specialised storage facilities must be established for each manufacturing
Storage and ° To prevent the risk of contaminating sector, such as rail, shipbuilding, or construction (Figure 5)
handling of elements during or after manufacturing ~ ® All racks and structural elements for the storage of materials, such as
products e Toavoid possible contamination of the metal sheets and profiles, must be protected by a coating of paint

materials during their storage.

During storage, metal sheets and sections shall be identified with a label
or with a copy of the casting certificate; in both cases, the casting
number associated with the stored material shall be visible (Figure 6)
Filler materials, such as wire spools or rods, must comply with the
requirements of standard EN 13479 with regard to the product’s CE
marking (Figure 6)

Spools of wire and bundles of rods must be stored in shelves and
cabinets at a stable temperature, following the same criteria established
for the storage of base materials. Each shelf should identify the type of
input material stored (Figure 6)
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|
|

()

Figure 5. (a) Storage of metal sheets, (b) Structure for the storage of metal profiles for railway
products, (c) Example of identifying hand tools for the manufacture of stainless-steel products with
the colour yellow.

() (d)

Figure 6. (a) Casting certificate of a metallic material, (b) CE marking of spools of wire, (c) Storage of
spools of wire, (d) Storage of rod packages.



Sustainability 2022, 14, 6499 10 of 17

Table 7 shows objectives and recommendations for the manufacturing process.
Figures 7-10 show their implementation.

Table 7. Improvement proposals: objectives and recommendations for the manufacturing process.

Scope Objective Recommendations

. The semi-finished products are stored on worktables or in containers next
to the machines (Figure 7)

. Production and storage areas must be identified with corresponding signs
(Figure 8)

. Bending tools (dies and counter-dies) must be cleaned with acetone and a
cloth (Figure 9a)

. To place instructions on the press brake with photographs showing the
cleaning sequence indicated (Figure 9b)

. Parts to be welded must be completely clean and free of impurities, so the

welder should clean them with a brush or with a cloth and acetone,
depending on the type of material to be welded (Figure 9c)

. In the case of welding processes with wire feed as the filler material, the

shielding gas must be prepared in advance, regulating the gas flow that

. To facilitate the production process by will come out of the nozzle of the welding gun. Once the flow has been
. reducing travel times regulated, the gas can be opened. A test flow meter must be used to check

Manufacturing process . Prevention of contamination during the that the gas arrives and leaves the nozzle of the welding gun in sufficient
bending process qgat}titigs to guarantee the metallurgical protection of the weld bead
obtaine:

. The humidity conditions and the ambient temperature must be controlled

in order to improve the welding process. The thermometers and
hygrometers must be checked at least every three months. In the case of
TIG (tungsten inert gas) welding, the sharpness and cleanliness of the
tungsten electrode must be checked. The discs used for regrinding
materials should be identified according to the material type and stored in
separate drawers

. In all types of welding processes, the welding mass shall be taken as close
as possible to the weld bead. Welders must use a thermal pencil to inspect
the pre-heating temperatures and for the welding of welding seams on the
base material

. Welding stations must be organised to comply with the 55 methodology
(Figure 10)

(a) (b)

Figure 7. (a) Storage of products in containers, (b) Storage of press brake tools with 5S visual
control signage.
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Figure 8. (a) Area for welding aluminium alloy materials, (b) Storage of materials and auxiliary
products for manufacturing and packaging, (c) Example of documentation accompanying the product
during manufacture.

(b) (©)

Figure 9. (a) Bending tool cleaning sequence, (b) Instructions for cleaning the bending tools placed

on the press brake, (c) Cleaning the workpiece with acetone.
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Figure 10. Organisation of the welding station.

3.3. Final Evaluation

Table 8 shows the values and evaluation of the different indicators after implement-
ing the improvements proposed by the 55 methodology. An analysis of the IPA matrix
(Figure 11) shows that implementing the proposed improvements raises most of the indi-
cators into the “keep up the good work” zone. The application of the IPA methodology
shows that special attention must be paid to recording quality parameters and their costs,
as well as to safety conditions and the activity of welding stations.

Table 8. Value of indicators and their evaluation after the proposed improvements following the 55

methodology.
Final State

Index Value Evaluation

Performance Importance
Overall 780 422 457

productivity

Welding activities 468 3.90 4.50
Overall no quality 18 0.20 4.01
No quality 3 1.02 4.57
No quality cost Not evaluated 0.10 0.89
Quality cost €2800 0.23 2.26
Improvement cost €2500 2.80 2.83
Total workcells 5 3.50 3.19
Welding labour 3 4.21 4.10
Safety No accidents 3.50 3.74
Ergonomic No injuries 3.50 3.50
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Figure 11. IPA matrix evaluation: final state.

The indicator for the degree of implementation of the 55 methodology after imple-
menting the proposed recommendations shows a level of action in which 5S has been
correctly applied in the workplace, suggesting improvements to be made in the medium
term (Table 9). The improvements will mainly be aimed at the indicators that are outside
the zone marked “keep up the good work” (Figure 11).

Table 9. Final evaluation of the degree of implementation of the 55 methodology.

Index Final Evaluation
1S index 4.12
2S index 422
3S index 3.21
4S index 4.13
5S index 2.12
Global 55 index 3.56
Action Level 4

4. Discussion

The methodology presented is a systematic approach that can be used to quantify the
level of implementation of the 55 methodology, as well as to plan and evaluate improve-
ment proposals in metal welding workplaces. The methodology requires the measurement
of various indicators, followed by an evaluation of their performance and importance.
These indicators were selected from scientific literature [10,42-45], taking into account the
development of processes in metal welding workplaces. The proposed 5S index could be
consistent with other metrics and indexes proposed for the evaluation of the 5S method-
ology in different processes [46,47]. The described approach could be used in industrial
process design engineering to evaluate different process improvement alternatives, by
using the advantages that simulation tools offer [48,49]

Regarding the results of the practical case, the application of the 55 methodology
allowed good manufacturing, storage, and handling practices to be established for the
products used in welding processes for manufacturing metal parts and structural elements.
The company has managed to prevent possible manufacturing defects, thereby avoiding
the risk of weld seam breakage caused by defects and cracks that could have appeared if
the 55 methodology had not been followed. The established indicators show an increase in
the number of work orders. The percentage of work orders requiring welding processes is
the same before and after the proposed improvements were applied. The number of non-
conformities increased with respect to its initial level. This is because the non-conformities
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detected after implementing the 55 methodology had not been initially recorded, as pre-
viously there was no habit of doing so. In the final situation, 18 non-conformities were
detected across all production orders and, of these, only 3 corresponded to orders involv-
ing welding. The company’s management considers this figure to be acceptable. Due
to this low number of non-conformities considered by the company, it was not deemed
necessary to measure the cost of non-conformities. The task of measuring the cost of these
non-conformities was entrusted to the company’s management, as recommended by the
interpretation of the IPA matrix.

The interpretation of the IPA matrix prompted the decision to start measuring quality
costs from now on. This action has been extended not only to the welding stations, but
to all workstations in the company. Table 8 shows the costs of the improvements imple-
mented in the material store and in the welding stations. The costs of improvements to be
implemented in future will become one of the indicators of the company management’s
scorecard. It is important to note that, in the initial situation, the costs of non-quality caused
by non-conformities in the work orders were not known, nor were they measured while
the improvements were being implemented. The results of this study have also led the
company management to authorise that non-quality costs be measured on a systematic
basis. The total number of employees in the production department remained constant
during the study period. Of the total of 11 workers, 3 of them were responsible for welding.
The number of welding posts has increased from three to five in the current situation,
maintaining three posts dedicated to welding carbon steel parts, one post for welding stain-
less steel parts, and one post for welding aluminium alloy parts. This new organisation
has been set up as a result of implementing the 55 methodology. By implementing the
improvement proposals, the number of work orders could be increased while maintaining
the same number of workstations and the required levels of quality, safety, and ergonomics.

The limitations of the proposed work are related to the selection and evaluation of
the proposed indicators. Although fuzzy logic has been used to treat uncertainty in the
evaluation of the indicators, these methodologies are limited by the very nature of this
approach. The scientific literature shows numerous examples of the use of trapezoidal func-
tions in different applications of fuzzy logic [50-53]. The fuzzy sets of this study are in line
with these studies. Although the triangular functions are simpler, the trapezoidal functions
allow for the evaluation of each level of the Likert scale in a given closed interval [54,55]
(for example, Table 2 shows the interval [3.21, 3.93]) to evaluate the linguistic term “good”.
Trapezoidal functions could show a correct performance in the definition of the input and
output variables of the fuzzy model [56-58]. An expert knowledge approach was used
to develop the trapezoidal functions; the use of a data-centric approach is proposed as a
future line of study [59]. In addition, this work has not evaluated the degree of consensus
among experts regarding the evaluation of these indicators, which, in some cases, could be
considered as limiting the results obtained from applying the proposed methodology. It
is proposed that, to further develop our approach, this consensus be evaluated in future,
following different developments to synthesise the experts” assessments [60].

5. Conclusions

A 55 lean strategy for a sustainable welding process has been developed using the
important performance analysis methodology (IPA). Sixteen indicators were selected from
the scientific literature, and fuzzy logic was used to consider uncertainty in the evaluation
of these proposed indicators. The approach defined a novel index to evaluate the degree of
implementation of the 55 methodology, and it can be used by researchers and practitioners
in the application of the 5S lean methodology. The results could open research lines in
relation to the definition of the proposed fuzzy model and its incorporation as a tool to
analyse alternatives in process simulation methodologies.

The results of the case study show that the methodological framework presented in this
work can be useful for applying the 55 methodology, and allowing good working practices
to be guaranteed in the welding of metal structural parts and elements. The 55 methodology
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is an effective tool for improving working conditions, preventing manufacturing risks, and
guaranteeing compliance with the welding standards ISO 3834, EN 15085, and EN 1090.

The systematic methodology presented here can be applied to workshops and com-
panies in which welding processes are carried out on parts and structural metal elements
made of aluminium alloys, stainless steels, and carbon steels. These alloys are the main
materials used in the application of the aforementioned standards. Moreover, the proposed
methodology could be adapted for other industrial process.

Author Contributions: Conceptualization, C.M.-C., A.S.-L. and C.G.-G.; methodology, CM.-C.,
AS.-L., J.LE-B., VER.-P. and C.G.-G.; investigation, CM.-C., AS.-L., ].L.E-B., VER.-P. and C.G.-G;
resources, C.M.-C.; writing—original draft preparation, CM.-C., A.S.-L., ].L.E-B., VER.-P. and C.G.-
G.; writing—review and editing, CM.-C., AS.-L., ].L.E-B., VER.-P. and C.G.-G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Annual Grants Call of the International Doctorate School
of the Spanish National Distance-Learning University (EIDUNED).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This paper has been produced within the scope of the doctoral activities carried
out by the lead author at the International Doctorate School of the Spanish National Distance-Learning
University (EIDUNED_ Escuela Internacional de Doctorado de la Universidad Nacional de Educacion
a Distancia). The authors are grateful for the support provided by this institution.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Peri¢, M,; Tonkovi¢, Z.; Rodi¢, A.; Surjak, M.; Gara$i¢, I; Boras, L; Svai¢, S. Numerical analysis and experimental investigation of
welding residual stresses and distortions in a T-joint fillet weld. Mater. Des. 2014, 53, 1052-1063. [CrossRef]

2. Gott, G.; Schopp, H.; Hofmann, F.; Heinz, G. Improvement of the control of a gas metal arc welding process. Meas. Sci. Technol.
2010, 21, 025201. [CrossRef]

3. Oliveira, J.P; Santos, T.G.; Miranda, R.M. Revisiting fundamental welding concepts to improve additive manufacturing: From
theory to practice. Prog. Mater. Sci. 2020, 107, 100590. [CrossRef]

4. Debroy, T.; David, S.A. Physical processes in fusion-welding. Rev. Mod. Phys. 1995, 67, 85-112. [CrossRef]

5. Hu, ], Tsai, H.L. Heat and mass transfer in gas metal arc welding. Part I: The arc. Int. ]. Heat Mass Transf. 2007, 50, 833-846.
[CrossRef]

6.  ISO (International Organization for Standardization). Quality Requirements for Fusion Welding of Metallic Materials; ISO: Geneva,
Switzerland, 2021.

7. EN (European Standard). EN 15085; Railway Applications—Welding of Railway Vehicles and Components; EN: Brussels,
Belgium, 2020.

8.  EN (European Standard). EN 1090; Execution of Steel Structures and Aluminium Structures; EN: Brussels, Belgium, 2018.

9.  Osada, T. 5s-Tezukuri no Manajiment Shuho (5s-Handmade Management Technique); Japan Plant Maint: Tokyo, Japan, 1989.

10. Randhawa, J.S.; Ahuja, 1.S. 55—A quality improvement tool for sustainable performance: Literature review and directions. Int. J.
Qual. Reliab. Manag. 2017, 34, 334-361. [CrossRef]

11.  Gupta, S.; Chandna, P. A case study concerning the 5S lean technique in a scientific equipment manufacturing company. Grey
Syst. 2020, 10, 339-357. [CrossRef]

12.  Shahriar, M.M.; Parvez, M.S.; Islam, M.A.; Talapatra, S. Implementation of 5S in a plastic bag manufacturing industry: A case
study. Clean. Eng. Technol. 2022, 8, 100488. [CrossRef]

13.  AL-Tahat, M.D.; Jalham, L.S. A structural equation model and a statistical investigation of lean-based quality and productivity
improvement. J. Intell. Manuf. 2015, 26, 571-583. [CrossRef]

14. Srinivasan, S.; Ikuma, L.H.; Shakouri, M.; Nahmens, I.; Harvey, C. 5S impact on safety climate of manufacturing workers. J.
Manuf. Technol. Manag. 2016, 27, 364-378. [CrossRef]

15. Ho, S.; Mohd Hashim, A.G.B.; Mohd Idris, M.A. Applicability of SIRIM Green 5-S Model for productivity & business growth in
Malaysia. TQM J. 2015, 27, 185-196. [CrossRef]

16. Ito, S. Enhancing shitsuke: A planned change intervention model for convenience stores in Japan. TQM ]. 2019, 31, 70-93.

[CrossRef]


http://doi.org/10.1016/j.matdes.2013.08.011
http://doi.org/10.1088/0957-0233/21/2/025201
http://doi.org/10.1016/j.pmatsci.2019.100590
http://doi.org/10.1103/RevModPhys.67.85
http://doi.org/10.1016/j.ijheatmasstransfer.2006.08.025
http://doi.org/10.1108/IJQRM-03-2015-0045
http://doi.org/10.1108/GS-01-2020-0004
http://doi.org/10.1016/j.clet.2022.100488
http://doi.org/10.1007/s10845-013-0816-0
http://doi.org/10.1108/JMTM-07-2015-0053
http://doi.org/10.1108/TQM-11-2014-0095
http://doi.org/10.1108/TQM-05-2018-0070

Sustainability 2022, 14, 6499 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

Nurcahyo, R.; Apriliani, E; Muslim, E.; Wibowo, A.D. The analysis of the implementation of 5-S principles integrated with ISO
9001 requirements at higher education level. Sage Open 2019, 9, 2158244019870773. [CrossRef]

Randhawa, J.S.; Ahuja, 1.S. Empirical investigation of contributions of 5S practice for realizing improved competitive dimensions.
Int. J. Qual. Reliab. Manag. 2018, 35, 779-810. [CrossRef]

Ho, S.K.M.; Auditing, M.; Tomo, B. The 5-S auditing. Manag. Audit. J. 1999, 14, 294-301. [CrossRef]

Martilla, J.A.; James, J.C. Importance-per analysis. |. Mark. 2010, 41, 77-79. [CrossRef]

Abealo, J.; Varela, J.; Manzano, V. Importance values for importance-performance analysis: A formula for spreading out values
derived from preference rankings. J. Bus. Res. 2007, 60, 115-121. [CrossRef]

Geng, X.; Chu, X. A new importance-performance analysis approach for customer satisfaction evaluation supporting PSS design.
Expert Syst. Appl. 2012, 39, 1492-1502. [CrossRef]

Lin, Z.; Vlachos, I. An advanced analytical framework for improving customer satisfaction: A case of air passengers. Transp. Res.
Part E Logist. Transp. Rev. 2018, 114, 185-195. [CrossRef]

Deng, J.; Pierskalla, C.D. Linking importance-performance analysis, satisfaction, and loyalty: A study of Savannah, GA.
Sustainability 2018, 10, 704. [CrossRef]

Chung, C.-C.; Chao, L.-C.; Lou, S.-]. The establishment of a green supplier selection and guidance mechanism with the ANP and
IPA. Sustainability 2016, 8, 259. [CrossRef]

Yoo, J.-I; Han, J.-K.; Youn, H.-S.; Jung, ].-H. Comparison of health awareness in South Korean middle school students according
to type of online physical education classes during the COVID-19 pandemic. Int. ]. Environ. Res. Public Health 2021, 18, 7937.
[CrossRef] [PubMed]

Jou, R-C.; Day, Y.-J. Application of revised importance-performance analysis to investigate critical service quality of hotel online
booking. Sustainability 2021, 13, 2043. [CrossRef]

Chen, J.K. An integrated fuzzy MICMAC with a revised IPA approach to explore service quality improvement. Total Qual. Manag.
Bus. Excell. 2020, 31, 1487-1505. [CrossRef]

Cheng, Q.; Guo, J.; Ling, S. Fuzzy importance-performance analysis of visitor satisfaction for theme park: The case of Fantawild
Adventure in Taiwan, China. Curr. Issues Tour. 2013, 19, 895-912. [CrossRef]

Lee, S.; Jeong, E.; Qu, K. Exploring theme park visitors” experience on satisfaction and revisit intention: A utilization of experience
economy model. J. Qual. Assur. Hosp. Tour. 2020, 21, 474-497. [CrossRef]

Chiu, C.-C,; Lin, K.-S. Importance-Performance Analysis Based Evaluation Method for Security Incident Management Capability.
In Intelligent Information and Database Systems; Lecture Notes in Computer Science Book Series; Springer: Berlin/Heidelberg,
Germany, 2017; Volume 10192, pp. 180-194. [CrossRef]

Wyrod-Wrobel, J.; Biesok, G. Decision making on various approaches to Importance-Performance Analysis (IPA). Eur. J. Bus. Sci.
Technol. 2017, 3, 123-131. [CrossRef]

Ormanovic, S.; Ciric, A.; Talovic, M.; Alic, H.; Jeleskovic, E.; Causevic, D. Importance-performance analysis: Different approaches.
Acta Kinesiol. 2017, 11, 58-66.

Bacon, D.R. A comparison of approaches to importance-performance analysis. Int. ]. Mark. Res. 2003, 45, 55-71. [CrossRef]
Sever, I. Importance-performance analysis: A valid management tool? Tour. Manag. 2015, 48, 43-53. [CrossRef]

Rial, A.; Rial, J.; Varela, J.; Real, E. An application of importance-performance analysis (IPA) to the management of sport centres.
Manag. Leis. 2008, 13, 179-188. [CrossRef]

Hsu, W. A Fuzzy multiple-criteria decision-making system for analyzing gaps of service quality. Int. J. Fuzzy Syst. 2015, 17,
256-257. [CrossRef]

Huang, FH.; Ye, Y.J.; Kao, C.H. Developing a novel intuitionistic fuzzy importance-performance analysis for evaluating corporate
social responsibility in sport tourism event. Expert Syst. Appl. 2015, 42, 6530-6538. [CrossRef]

Zadeh, L.A. The concept of a linguistic variable and its application to approximate reasoning-III. Inf. Sci. 1975, 9, 43-80. [CrossRef]
Zadeh, L.A. Fuzzy sets. Inf. Control 1965, 8, 338-353. [CrossRef]

Aczel, ].; Saaty, T.L. Procedures for synthesizing. . Math. Psychol. 1983, 27, 93-102. [CrossRef]

Jain, S.; Chaudhry, G.; Talha, M.; Sharma, R. “5 s Housekeeping”—A Lean Tool: A Case Study BT—Advances in Industrial and Production
Engineering; Phanden, R K., Mathiyazhagan, K., Kumar, R., Paulo Davim, J., Eds.; Springer: Singapore, 2021; pp. 285-295.
Costa, C.; Pinto Ferreira, L.; Sa, ].C.; Silva, FJ.G. Implementation of 55 Methodology in a Metalworking Company. In DAAAM
International Scientific Book 2018; Katalinic, B., Ed.; DAAAM International: Vienna, Austria, 2018; pp. 1-12. ISBN 978-3-902734-19-8.
Randhawa, J.S.; Ahuja, 1.S. Examining the role of 55 practices as a facilitator of business excellence in manufacturing organizations.
Meas. Bus. Excell. 2017, 21, 191-206. [CrossRef]

Karthik Bharathi, S.; Vinodh, S.; Devarapu, S.; Siddhamshetty, G. Application of lean approach for reducing weld defects in a
valve component: A case study. Int. ]. Lean Six Sigma 2017, 8, 181-209. [CrossRef]

Kumar, M.; Antony, ].; Singh, R.K; Tiwari, M.K,; Perry, D. Implementing the lean sigma framework in an Indian SME: A case
study. Prod. Plan. Control 2006, 17, 407-423. [CrossRef]

Randhawa, J.S.; Ahuja, 1.S. Structural equation modeling for validating impact of 5S implementation on business excellence of
manufacturing organizations. Int. J. Qual. Reliab. Manag. 2017, 34, 1592-1615. [CrossRef]


http://doi.org/10.1177/2158244019870773
http://doi.org/10.1108/IJQRM-09-2016-0163
http://doi.org/10.1108/02686909910280244
http://doi.org/10.1177/002224297704100112
http://doi.org/10.1016/j.jbusres.2006.10.009
http://doi.org/10.1016/j.eswa.2011.08.038
http://doi.org/10.1016/j.tre.2018.04.003
http://doi.org/10.3390/su10030704
http://doi.org/10.3390/su8030259
http://doi.org/10.3390/ijerph18157937
http://www.ncbi.nlm.nih.gov/pubmed/34360230
http://doi.org/10.3390/su13042043
http://doi.org/10.1080/14783363.2018.1488586
http://doi.org/10.1080/13683500.2013.777399
http://doi.org/10.1080/1528008X.2019.1691702
http://doi.org/10.1007/978-3-319-54430-4_18
http://doi.org/10.11118/ejobsat.v3i2.82
http://doi.org/10.1177/147078530304500101
http://doi.org/10.1016/j.tourman.2014.10.022
http://doi.org/10.1080/13606710802200878
http://doi.org/10.1007/s40815-015-0018-3
http://doi.org/10.1016/j.eswa.2015.04.008
http://doi.org/10.1016/0020-0255(75)90017-1
http://doi.org/10.1016/S0019-9958(65)90241-X
http://doi.org/10.1016/0022-2496(83)90028-7
http://doi.org/10.1108/MBE-09-2016-0047
http://doi.org/10.1108/IJLSS-01-2016-0001
http://doi.org/10.1080/09537280500483350
http://doi.org/10.1108/IJQRM-08-2016-0129

Sustainability 2022, 14, 6499 17 of 17

48.

49.

50.

51.

52.
53.

54.
55.
56.
57.
58.

59.

60.

De-La-Cruz-Arcela, EK.; Martinez-Castillo, ].S.; Altamirano-Flores, E.; Alvarez-Merino, J.C. Application of Lean Manufacturing
Tools to Reduce Downtime in a Small Metalworking Facility. In Proceedings of the 2019 IEEE International Conference on
Industrial Engineering and Engineering Management (IEEM), Macao, China, 15-18 December 2019; pp. 551-555.

Sanchez, A.; Garcia, M.; Domingo, R.; Camacho, A.M.; Sebastian, M. Application of a Virtual and Ergonomic Framework for an
Industrial Light Vehicle Concept Assembly Process: A Case Report. Procedia Eng. 2015, 132, 1077-1080. [CrossRef]

Arriola, E.R.; Ubando, A.T.; Chen, W. A bibliometric review on the application of fuzzy optimization to sustainable energy
technologies. Int. |. Energy Res. 2021, 46, 6-27. [CrossRef]

Kabir, S.; Papadopoulos, Y. A review of applications of fuzzy sets to safety and reliability engineering. Int. |. Approx. Reason. 2018,
100, 29-55. [CrossRef]

Grzegorzewski, P.; Mréwka, E. Trapezoidal approximations of fuzzy numbers. Fuzzy Sets Syst. 2005, 153, 115-135. [CrossRef]
Sanchez, A.; Gonzalez, C.; Brocal, F. Assessment of emerging risk level by occupational exposure to hand-arm vibrations:
Approach under uncertainty conditions. Saf. Sci. 2019, 114, 140-147. [CrossRef]

Voskoglou, M.G. Assessment of human skills using trapezoidal fuzzy numbers. Mathematics 2015, 5, 111-116. [CrossRef]
Voskoglou, M.G. Fuzzy logic as a tool for assessing students” knowledge and skills. Educ. Sci. 2013, 3, 208-221. [CrossRef]
Voskoglou, M.G.; Subbotin, Y. Fuzzy methods for student assessment. Int. J. Educ. Inf. Technol. 2015, 1, 20-28.

Pedrycz, W. Why triangular membership functions? Fuzzy Sets Syst. 1994, 64, 21-30. [CrossRef]

Van Broekhoven, E.; De Baets, B. Fast and accurate center of gravity defuzzification of fuzzy system outputs defined on trapezoidal
fuzzy partitions. Fuzzy Sets Syst. 2006, 157, 904-918. [CrossRef]

Azam, M.H.; Hasan, M.H.; Hassan, S.; Abdulkadir, S.]. A novel approach to generate type-1 fuzzy triangular and trapezoidal
membership functions to improve the classification accuracy. Symmetry 2021, 13, 1932. [CrossRef]

Yang, T.; Kuo, Y.; Parker, D.; Chen, K.H. A multiple attribute group decision making approach for solving problems with the
assessment of preference relations. Math. Probl. Eng. 2015, 2015, 849897. [CrossRef]


http://doi.org/10.1016/j.proeng.2015.12.598
http://doi.org/10.1002/er.5729
http://doi.org/10.1016/j.ijar.2018.05.005
http://doi.org/10.1016/j.fss.2004.02.015
http://doi.org/10.1016/j.ssci.2019.01.002
http://doi.org/10.5923/j.ajcam.20150504.03
http://doi.org/10.3390/educsci3020208
http://doi.org/10.1016/0165-0114(94)90003-5
http://doi.org/10.1016/j.fss.2005.11.005
http://doi.org/10.3390/sym13101932
http://doi.org/10.1155/2015/849897

	Introduction 
	Materials and Methods 
	Establishing the 5S Methodology 
	Performance Indicators 
	Evaluation Procedure 

	Results 
	Initial State 
	Improvement Proposals and 5S Mehtodology Application 
	Final Evaluation 

	Discussion 
	Conclusions 
	References

