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Abstract: Assumptions of the concept of sustainable development should include actions towards the
development of modern, well-managed enterprises. However, making decisions in this area is difficult
as it often results from subjective assessments of environmental problems. Hence, there is a motivation
to develop a method of analysing the search for solutions to environmental problems that supports
decisions in the area of improving the quality of products or processes while considering their impacts
on the natural environment. In view of the specification of this problem, it was considered that this
method should be conducted in a fuzzy decision environment. This method is called FQE-SD (fuzzy
qualitatively environmentally sustainable development). This method integrated, in a hybrid way, the
selected tools or elements of qualitative and multi-criteria decision methods, i.e., using the SMARTER
method, brainstorming (BM), a method to select the team of experts, the Pareto-Lorenz analysis,
the fuzzy QE-FMEA method, and the fuzzy AHP method. The main contribution of the FQE-SD
method is its hybrid methodology, which supports: (i) a coherent and objective approach during the
identification, analyses, and ranking of the causes of incompatibility of products or processes and
(ii) the realization of the sustainable development of products or processes. The method was tested
using the magnetic-powder test (MT). This control was carried out for producers of an outer bearing
made fromAMS6470 steel. The results of this work confirmed the practical possibilities of applying
the FQE-SD method. This method can also be applied to other production situations, if appropriate
assumptions are made.

Keywords: quality; sustainable development; risk management; fuzzy decision environment; fuzzy
QE-FMEA; production engineering; mechanical engineering

1. Introduction

In order for enterprises to increase their competitiveness they should implement the
effective management of selected elements in the process of product development [1-3].
These elements have the potential to satisfy customer expectations and environmental
requirements [2,4,5], as well as influence technical requirements, thus leading to the cre-
ation of innovative products [6,7] and possibly the development of ideal product alterna-
tives [8-10]. The management of the quality of products and processes is recognised as the
main element supporting issues of sustainable development [11,12]. Quality management
is understood as rules or values that target customer satisfaction, but it also contributes to
continuous product improvement and decision making based on acquired data in order to
process resources into functional products [13,14]. Therefore, sustainable development in
terms of meeting customer requirements contributes to environmental sustainability and,
therefore, is an important customer value and societal expectations inform stakeholders
and customers [15,16].

Hence, the activities of companies that apply product quality management practices
should be taken into consideration when determining environmental requirements for
products [17,18]. As shown by the authors of [19,20], during the design of environmental
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sustainability guidelines, popular methods of quality management are increasingly inte-
grated, such as quality function development (QFD) [21,22] or analysis of causes and effects
of defects (FMEA) [23,24]. In addition, according to the authors of [17,19], other quality
tools can be an integral part of sustainable development because they are designed to meet
customers’ expectations. As a review of the literature on the subject shows, despite the
fact that there are studies in this area, such an approach to the sustainable development of
products is not a common practice [19,25].

For example, in article [26], a decision support model based on the concept of product
life cycle assessment (LCA) and eco-design was developed. This model supports solving
problems occurring during the development of products that address to the whole cycle of
the product life. However, the authors of article [8], in order to promote the sustainable
design of products, combined a selection of techniques, that is, FMEA, QFD, TRIZ (theory
of innovative problem solving), LCA, and fuzzy TOPSIS (fuzzy technique for order of
preference by similarity to ideal solution). This research was based on the design of a
simple safety valve, where FMEA was used to analyse valve failure. Then, customers’
expectations and environmental requirements were combined in the QFD method, in
which the results were analysed using the TRIZ method. Furthermore, using the FTOPSIS
method, the ranking of the product criteria was completed based on the prototype. The
authors of article [27] combined the Kano model, the QFD for the environment, and
the TRIZ method. The authors of article [23] developed a method of fuzzy qualitative
environmental analysis of hazards to improve products and processes (Fuzzy QE-FMEA).
In this method, it was possible to simultaneously analyse qualitative environmental hazards.
As part of this research, new assessment data sheets for indicators using the FMEA method
were developed, and these assessments were created in a fuzzy decision environment.
Furthermore, according to the same rules, a datasheet of assessments of the impacts on the
natural environment was developed. In turn, the authors of article [28] developed a model
of making decisions to support decision makers in the assessment and improvement in
product design. In the model, the combined standard project “iF” and multicriteria methods
of making decisions, i.e., DEMATEL (decision making trial and evaluation laboratory
method) [29], were used to determine relations between important attributes, and then
VIKOR (multicriteria optimisation and compromise solution) [30] was used to determine
the level of assessment of product attributes and product designs. Finally, the network
relationship map was used to determine possibilities to determine the impacts of different
strategies of improvement. Another example is shown in the study [22], in which the
QFD-CE (quality function development customer expectations) method was developed
to design new products or improve existing products on the market. The novelty of this
method is that it determines design goals, not only based on customers’ expectations, but
also considering impacts on the natural environment.

A summary of the review of the literature on the subject is presented in Table 1.

Table 1. Summary of literature review.

Category

LCA

FMEA QFD TRIZ FTOPSIS  Kano Model Saaty Scale DEMATEL VIKOR Relationship Map

Eco-design
analysis and reduction in
threats to product
improvement

[8,26]

(8] [8,27] [8,27] [8] [27] - - - -

[23,29] [22] - - - [23] [28,29] [28] [28]

Based on the literature review, it was shown that different instruments to improve
product quality were used, and these analyses included assessments of quality and impacts
on the natural environment. These instruments mainly referred to improving products
based on the basis of customers’ requirements and impacts on the natural environment.
However, no method of product improvement has been found that would allow qualitative
and environmental analysis and validation of causes of incompatibility of products or
processes while reducing inconsistency and also the subjectivity in the evaluation of these
causes. This was considered a research gap. This gap is assumed to be filled in our
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study. Hence, the aim of this study was to develop a fuzzy method for the sustainable
development of product and process improvement (FQE-SD method). As part of the
research, the following hypothesis was adopted:

Hypothesis 1. The improvement in products and processes according to sustainable development
rules is possible by conducting an analysis followed by ranking the causes of incompatibilities in
view of their impacts on quality and the natural environment, and their risk in terms of occurrence.

The originality of the FQE-SD method is its integration of selected elements in the
management of quality for the effective realization of sustainable development princi-
ples and, simultaneously, aspirations for the development of high-quality products and
processes. The novelty of the FQE-SD method is its qualitative environmental analysis
and sequential and coherent approach to the causes of incompatibility between products
and processes. While it is possible to determine the causes that have the most negative
impacts on product quality and the environment using one method, it is recommended
to use a hybrid approach that is based on more than one method and to integrate the
obtained results in order to support informed final decision making. Other benefits of
hybrid methods include:

o  The possibility of integrating the importance of criteria expressed in a subjective and
objective way;

e The possibility of applying fuzzy logic to reduce uncertainty and inconsistency
in preferences.

In addition, according to the author of article [7], the use of HMCDM (hybrid multi-
criteria decision making) in the area of sustainable development allows for achieving much
better results in making decisions for various problems.

2. Materials and Methods
2.1. Motivation and General Concept of the FQE-SD Method

Establishing the quality of products and processes is a key aspect of successful com-
panies [31,32]. However, in the era of climate changes, it is inevitable to strive to improve
products and processes further from the perspective of sustainable development. De-
spite this, the implementation of sustainable development practices is not yet popular
in enterprises, and the main goal is to meet customer satisfaction [26,33,34]. Moreover,
making decisions regarding impacts to the environment is difficult and imprecise, which
results in subjective assessments of problems in the case of predicting impacts on the
natural environment [35,36]. The motivation of this research was to develop a method
that supports making decisions in the area of quality improvement considering impacts
on the natural environment. It refers to developing a method to support improvement
in the environmental sustainability of products and processes, and this method operates
in a fuzzy decision-making environment. The result of using this method is the ability to
focus improvement activities on the most important quality and environmental issues of
products or processes. This method is called FQE-SD (fuzzy qualitatively environmen-
tally sustainable development), where “F—fuzzy”, “Q—quality”, “E—environment”, and
“SD—sustainable development”. The general concept of the FQE-SD method is shown in
Figure 1.

The idea of developing this method stems from the need to simultaneously analyse the
causes of incompatibilities of products and processes in the qualitative and environmental
areas with an analysis that is objective and coherent. It was assumed that coherence and
precision in decision making will be achieved as part of using fuzzy decision making [37,38].
The method of this approach relies on a sequential and coherent analysis of any incompati-
bility of a product. Finally, it is possible to determine the main causes of incompatibility,
which, to the largest degree have an impact on the occurrence of a defect.
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Fuzzy Qualitatively-
Environmentally Sustainable

Figure 1. General concept of the fuzzy qualitatively environmentally sustainable development
method. Own study.

The novelty of the FQE-SD method is its methodology, which was developed in a
hybrid way, i.e., it combines (integrates) different techniques in a coherent manner [28,39,40].
In this case, the method mainly consists of the integration of selected elements of known
quality management methods. These methods are used for the effective realisation of the
idea of sustainable development and, simultaneously, aspirations for high-quality products
or processes. The selected elements of these methods were indicators from the FMEA
method. The FMEA method is the analysis of the causes and effects of defects. This
method is based on the main indicators (i.e., probability of occurrence, detectability, and
importance for customers) determined according to the risk values calculated. According
to the risk values, it is possible to make decisions about improvement actions. The FMEA
analysis is recommended to analyse any design defects in the process or product. In this
approach, these indicators were quality (importance of incompatibility causes) [41] and
the probability of the occurrence of incompatibility causes [24]. In addition, it is proposed
to include an indicator of the impact on the natural environment [23], and then combine
this indicator with the qualitative indicator to simultaneously determine the effects of the
qualitative—environmental causes of the incompatibilities of products or processes. As
part of our previous research, the fuzzy QE-FMEA method was developed [23] with data
sheets for selecting assessments in triangular fuzzy numbers. Their use was adopted in
the FQE-SD method, and then calculations were carried out as part of the popular fuzzy
analytic hierarchy process (FAHP) method [42]. The purpose of using fuzzy numbers was
to reduce inconsistencies and uncertainties in expert assessments. A detailed description of
the assumptions adopted and the developed procedure of the FQE-SD method is presented
in the following section.

2.2. Assumptions of the FQE-SD Method

After a literature review of the subject, the assumptions of the FQE-SD method were
assumed. These assumptions were the following:

e  The product or process analysis is unlimited, but it is necessary to use adequate data
sheets [15,43];
Incompatibility means not meeting requirements for the product or process [44];
Potential causes are those which may, however, not necessarily result in the occurrence
of incompatibility of the product or process [32];

e  The main causes are those that have the greatest impacts on the incompatibility of the
product or process [36];
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e Quality (Q) refers to the effect of a potential cause on the product or process incompat-
ibility; it also refers to the impacts of the incompatibility on the use of the product or
process [23];

e  Environmental impact (E) refers to the negative impacts of the potential causes of
incompatibility of a product or process [2,23,45];

e  The probability of occurrence of the cause of incompatibility (P) is the probability of a
potential cause occurring in the area of the analysed incompatibility of the product or
process [24];

e The weight of potential causes in terms of quality and environment (w®F) is calculated
on the basis of the ratings assigned to these causes in triangular fuzzy numbers, which
simultaneously concern quality (Q) and environmental impact (E) [2,23];

e  Assessments of quality effects and environmental impacts are awarded in triangular
fuzzy numbers adequately for the product or process in accordance with the developed
safety data sheets, and then integrated in the FAHP method [46].

The adopted assumptions provided the basis for developing the proposed method
of environmentally sustainable improvement in the quality of products and processes,
functioning in a fuzzy decision-making environment (FQE-SD).

2.3. Procedure of the FQE-SD Method

The qualitative—environmental method of improving products or processes operating
in a fuzzy decision-making environment was developed (FQE-SD, fuzzy qualitatively
environmentally sustainable development). This method was initiated in a hybrid way
by combining selected tools or elements of qualitative methods and decision methods,
i.e., using the SMARTER method (S—specific, M—measurable, A—achievable, R—relevant
or realistic or reward, T—"based on timeline” or timebound, E—exciting or evaluated, and
R—recorded or reward) [47], brainstorming (BM) [48], a method of selecting a team of
experts [43], rule form Pareto-Lorenz analysis [49,50], the fuzzy QE-FMEA method [23],
and the fuzzy AHP method (fuzzy analytic hierarchy process) [51,52]. The choice of these
instruments was justified at the various stages of the method, which was developed in nine
main stages (Figure 2).

e Stage 1. Selection of the subject of research and determination of the purpose of
research

Initially, it is necessary to select the subject of research. The choice is made by the
entity (expert) realizing the proposed method. The expert is selected in terms of expert
competence. In the proposed approach, the subject of research should be the main incom-
patibility that it occurs the most often or generates the largest waste. This incompatibility
should be determined based on the catalogue of incompatibility, which is often realised
by enterprise. This incompatibility should refer to the product or process. In the case of
products, these incompatibilities can include, e.g., functionality, reliability, or technology.
Decisions about the selection of products can result from, e.g., the introduction of a new
product, the modification of product parts, or using other technologies with a product.
In the case of process, incompatibilities can refer to the realisation of requirements of
construction or important impacts on the production process, e.g., processing parameters
or measurement and control measures. The Pareto-Lorenz analysis, as presented in studies,
e.g., [49,53], is useful in the selection of the main incompatibility.

Then, for the selected research study, the aim of the analysis is determined. In this
case, the aim is to determine the ranking of environmentally sustainable improvement
actions of the product (or process). The SMARTER method is helpful in determining the
goal. The approach to using this method in order to determine the goal is presented in
studies, e.g., [47].
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Figure 2. Algorithm of fuzzy qualitatively environmentally sustainable development method (FQE-
SD method). Own study:.
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e  Stage 2. Selection the team of experts

The realisation of the proposed FQE-SD method is based on a strong teamwork.
Therefore, the key is to select an adequate team of experts who will be responsible for
achieving the purpose of the research. In view of this, it is important that members of the
team are competent and have knowledge of the theme of the research problem. In the
proposed approach, it was assumed that the selection of the team of experts is performed
according to the method shown in article [43].

e  Stage 3. Identification of incompatibility source of product or process

The source of incompatibility is the place in which incompatibility has occurred.
It was assumed that source is determined by a team of experts during brainstorming
(BM) [48]. In this order, it is necessary to answer the question “In which place (moment) the
incompatibility occurs?”. If a large number of incompatibilities are identified, their number
can be reduced by using the Pareto-Lorenz analysis [50].

e  Stage 4. Determine potential causes of incompatibility of product or process

At this stage, potential causes are identified, i.e., those that probably contributed to
the occurrence of nonconformities, but the degree of their impact is still unknown. It
is necessary to determine potential causes of incompatibility for the selected subject of
research, i.e., for product or process. In this aim, it is necessary to answer the question “What
has happened that incompatibility occurred?” In this case, it is necessary to determine
potential causes for each place of incompatibility, which were determined at the third stage
of the method.

This stage is realised by the team of experts during brainstorming (BM), which usually
takes 30 min. After this time, it is necessary to end the work of the team. The effect of
this work is a long list of potential causes. Later, from all potential causes, the unreal
causes (practically deemed not possible to occur) are removed. Hence, an expert (selected
from a team of experts) verifies all causes. The result of this stage is a list of all potential
causes of nonconformities of the product or process, depending on the selected subject of
the investigation.

e  Stage 5. Selection of the number of values of effect in the qualitative area (Q)

It is necessary to select the number of values of the effect of incompatibility occurring in
the qualitative area (Q). Characteristics of acceptance of the Q indicator assessment enable
the assessment of the potential causes of incompatibility. This data sheet also enables the
assessment of deterioration based on the way the product is used or the functioning of the
process, or the impact on customer satisfaction, as well as possible repair costs [23,24]. This
assessment is necessary to determine the value of the effect in the qualitative area for each
potential cause (from the fourth stage of the method). The choice of value is made by the
team of experts by multiple votes. These values should be based on characteristics assumed
in indicator Q (Table 2), which were created as part of the previous research shown in
Ref. [23].

In order to reduce the subjectivity in assigning ratings by experts, and to avoid
uncertainty in the assessments, we determined the effect using the triangular Saaty scale.

Where I/?/i = (lij, mjj, u;j) and IX/] = (lji, mj;, uj;) are two fuzzy numbers. In turn, mr (d) is

degree of d belonging to W; as shown in Figure 3.

Hence, the team of experts, based on the developed Q index characteristics sheet,
determines the appropriate value in triangular fuzzy numbers for each potential cause.
The handling of the adopted fuzzy estimates is presented in the subsequent stages of
the method.
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Table 2. Characteristics of acceptance of the Q indicator assessment—the importance of the defect for
the customer (quality). Own study based on [54-56].

Importance of the Defect for the Customer (Quality) Q Fuzzy Q
According to Fuzzy QE-FMEA Triangular Inverse
Very small Minimal effect; lack of visibility for the customer; no impact on _ Equally important 1 LL1 111
the use of the product Weak or negligible 2 1,2,3 1/3,1/2,1
Small Insignificant effect; slight difficulty in using the product; Moderate 3 2,34 1/4,1/3,1/2
ma noticeable deterioration of product quality Medium moderate 4 3,4,5 1/5,1/4,1/3
Effect causing limited dissatisfaction and minor difficulties in Strongly moderate 5 4,5,6 1/6,1/5,1/4
A using the product; the quality of the product does not meet S I .

verage customer expectations or is a source of nuisance; noticeable trongc}ll positive 6 5,6,7 1/7,1/6,1/5

deficiencies in product quality moderate
Big The result is customer dissatisfaction; Very strong 7 6,7,8 1/8,1/7,1/6
product repair costs are unknown Highly important 8 7,8,9 1/9,1/8,1/7
Very big The effect is very signifi@nt; it threatens the safety of use and Extreme ? 89,10 1/8,1/9,1/10

violates the law Very extreme 10 10,10,10  1/10,1/10,1/10
A
Hw (%)
W, [/
viw,=w,) = D

= i, (d) E

i

i

: >
l; mil; d wom; i x

Figure 3. Determination of the coordinates of the intersection point IX/I- and VNV]-. Own study based
on [37,38,57].

e  Stage 6. Selection of number value of impacts on the natural environment (E)

In order satisfy the sustainable development principles by improving the quality of
the product or process, the selection value of impacts on the natural environment (E) was
assumed. Indicator (E) refers to the negative impact of causes of incompatibility (product
or process) on the natural environment. The numerical value for this indicator is selected
for each potential cause (from step 4 of the method). The number value is selected by a
team of experts by multiple votes. The selection is carried out based on the characteristic of
indicator E (Table 3) developed as part of the modification of the datasheet produced as
part of the previous research shown in Ref. [23].

As in the case of qualitative indicators, it is necessary to select assessments of envi-
ronmental indicators in triangular fuzzy numbers. This resulted from a need to reduce
subjectivity during making assessments by experts and avoid uncertainty in assessments,
and it is enabled by using the Saaty scale. The handling of the adopted fuzzy estimates is
presented in the subsequent stages of the method.
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Table 3. Characteristics of adopting the assessment of the E indicator—impacts on the natural
environment for the process and product. Own study [23].

. . Fuzzy E
Environmental Impacts According to Fuzzy QE-FMEA E Triangular Inverse
. The impact is practically negligible; .
Negligible imperceptible negative impact Equally important 1 1,1,1 1,1,1
Weak or negligible 2 1,2,3 1/3,1/2,1
. Not The impact is likely to be small and non-hazardous &8
important Moderate 3 2,3,4 1/4,1/3,1/2
Medium moderate 4 3,4,5 1/5,1/4,1/3
Important The impact may be noticeable and cause limited Strongly moderate 5 456 1/6,1/51/4
harm or be a source of nuisance iti
Strongly positive 6 56,7 1/7,1/6,1/5
moderate
Very The impact is noticeable and harmful in large quantities; it reacts to Very strong 7 6,7,8 1/8,1/7,1/6
important some extent to the N N
P environment and affects human health Highly important 8 7,89 1/9,1/8,1/7
The impact is destructive and causes significant harm; reacts Extreme 9 8,9,10 1/8,1/9,1/10
Critical significantly to the environment; threatens human life and health;
violates the law Very extreme 10 10, 10, 10 1/10,1/10,1/10

e  Stage 7. Determine the impact of qualitative-environmental incompatibility causes

Based on assessments made for potential causes of incompatibility, the qualitative—
environmental analysis is performed. For each cause, the number of simultaneously
qualitative and environmental effects should be determined. According to the method
shown in the study [23], it was assumed that the qualitative impact (Q) and environmental
impact (E) are determined by using triangular fuzzy numbers. Therefore, the popular fuzzy
AHP method is used for the combination of qualitative—environmental indicators. The
fuzzy AHP method enables decision making with reduced subjectivity and uncertainty
in experts’ assessments. This method is similar to the AHP method (analytic hierarchy
process); however, in this method, the fuzzy Saaty scale is used, as shown in the next part
of the study [22].

Initially, a matrix of pairwise comparisons of the qualitative effects of incompatibility
with the environmental impact (Agg), is created, as shown in Formula (1) [58]:

} a;p 0 Al
L 1 - apy . )
AQE = [aij] = . . , where AQE = [aij}
: S
alm 1)
(1,1,1)  ifl=j
aj = (aijlz ajjm, aiju) ifj>i
1 1 1 P
e ay) <
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There are always values equal to 1 on the diagonal and their inverse values are also on
the diagonal. After developing the fuzzy matrix of pairwise comparisons, it is necessary to
create a complex fuzzy matrix, as shown in Formula (2) [52,59]:

E_ ({E ~E E
A = (lijr my, uij)
where 15? = Min{l% }VT € E is the minimum value on the left end,

and m;; = {mg "VT € Eis the geometric mean of the median of all TEN ?
2
ug-: = Max{u% VT € E is the minimum value on the right end, where :

AF] : the value obtained after multiple comparisons of the opinions of experts

in relation to the ith assessing element and the jth assessing element,
T : the Tth expert.

Later, a relative fuzzy weight for the qualitative-environmental indicators is computed.
This is conducted by normalizing the mean value in the row [35,52] (3):

1

Ty a5)" .

W; = % wherei,j=1 ~n
YL (H?:] aij> i

ajj : the Tringular Fuzzy Number located at row i and column j in the pariwise comparison matrix;

W; : the fuzzy weight of row i, where :

M = Zi(Zi@.-.@Zn)71

n n S \n
i=1 (szl aij)

This involves calculating the sum of the values for each row in a fuzzy composite

matrix, where the sum values of the rows are normalized on the fuzzy numbers. Subse-
QE

i

®)

Bl

Stepl:Z; = [Hj“:l awij} ,Vi, and Step2:W; =

quently, the weight of the qualitative and environmental effect of incompatibility (w ) is

calculated within the so-called centre of area (COA) as represented by Formula (4) [46]:

QE l+m+4u

=T @

As a result, the combined values of the weights of the qualitative—environmental
effect of the incompatibility (wiQE) are obtained. These values are taken into account in the
further analysis of product or process nonconformities, as presented in the next steps of
the method.

e  Stage 8. Selection of the numerical value of the risk of the occurrence of the causes of
incompatibility (P)

At this stage, the numerical value for the risk of the occurrence of inconsistencies (P)
is selected. This is the probability that such a non-conformity may occur in the product or
process. The risk of each potential non-conformity cause identified in step 4 of the method
should be assessed. The selection of the value (assessment) of the risk number P is made by
a team of experts. Following the authors of [23], the ratings are based on the data sheets
shown in Table 4.

In this case, it is possible to choose real number values for the risk number, as in the
traditional FMEA method. This is due to the fact that the result of stage 7 (determination of
the qualitative and environmental impacts) are the weights of potential causes estimated in
real numbers, and further analyses are carried out on real numbers.
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Table 4. Characteristics of the evaluation of the risk number P—the probability of a defect. Own
elaboration based on [23,55].

Probability of Occurrence The Frequency p Fuzzy P
According to Fuzzy QE-FMEA of the Defect Triangular Inverse
. . . Less than
Unlikely The occurrence of the defect is unlikely 11,000,000 1 1,1,1 1,1,1
Very rarely There are few defects 1/20,000 2 1,2,3 1/3,1/2,1
Rarely There are relatively few defects 1/4000 3 2,3,4 1/4,1/3,1/2
1/1000 4 3,4,5 1/5,1/4,1/3
On average The effect occurs sporadically from time to time 1/400 5 4,5,6 1/6,1/5,1/4
1/80 6 5,6,7 1/7,1/6,1/5
. . 1/40 7 6,7,8 1/8,1/7,1/6
Often The defect repeats itself cyclically 1/20 8 789 1/9.1/8.1/7
. . . 1/8 9 8,9,10 1/8,1/9,1/10
Very often This disadvantage is almost unavoidable 1/2 10 10,10, 10 1/10.1/10,1/10

e  Stage 9. Three-criteria analysis of incompatibility causes and selection of environmen-
tally sustainable improvement actions

Based on the estimated value of qualitative environmental weights of the effects
of occurred incompatibility (wiQE) and selected assessments of risk (P), the analysis is
realised. The XY coordinate plot can be used in this analysis, where the X-axis represents
the qualitative environmental weightings and the Y-axis represents the occurrence risk
ratings. The points on the chart are values for potential causes of the incompatibility of a
product or process. Then, it is possible to calculate the distance between potential causes.
The purpose is to determine the main distances from the origin of these potential causes.
Formula (5) is used for this calculation:

di = /Wi x P, 5)

where w—weight of the qualitative—environmental effect of occurred incompatibility;
P—risk of occurred potential causes of incompatibility,i=1,2,...,n.

The greater the distance (d;), the greater the qualitative—environmental effect and
the greater the risk (probability) of the cause. Therefore, improvement actions should be
made for causes that are in areas farthest from the origin of the coordinate system. It is
possible to assume that the distance will be about 80% according to the Pareto—Lorenz
rule, as shown in studies, e.g., Refs. [49,50]. Then, the main causes for the incompatibility
of the product or process are identified, i.e., those that generate the incompatibility to
the greatest extent. Elimination or minimisation of these causes in the proposed way is
conducive to the environmentally sustainable improvement in the quality of products or
processes. This is due to the fact that such behaviour is conducive to eliminating the waste of
resources or taking adequate actions to reduce the generation of material, financial, or even
human losses.

3. Results

The developed FQE-SD method was verified. The test of the method was carried out
in nine main stages in accordance with the developed algorithm. The result of each stage is
presented in the next part of the article.

e Stage 1. Selection of the subject of research and determination of the purpose
of research

As part of the first stage, the subject of research was selected. The choice was made by
an expert (entity) who realised the proposed method. It was realised in a production and
services company located in Poland, in which non-destructive testing methods were con-
ducted. One of the methods was the magnetic-powder test (MT), which was characterised
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in study [60]. This control was commissioned by one of the producers of an outer bearing
product made from AMS6470 steel, that is, nitrided chromium-molybdenum-aluminium
steel. It was observed that welding imperfections were relatively often identified on this
product [61]. This incompatibility generated financial losses and a decline in customer sat-
isfaction. Furthermore, the causes of this incompatibility had not previously been analysed
in a complex way. Their presence has a significant impact on the resistance and occurrence
of local corrosion, as well as on the mechanical properties of the product. Therefore, their
elimination would have a significant impact on the overall quality of the product. Hence,
it was decided to select this discrepancy as part of the test of the proposed method. An
example of a test subject with incompatibility is shown in Figure 4.

Figure 4. Example of undercutting on an AMS6470 steel outer bearing. Own study.

For the selected research subject, the purpose of the analysis was determined using the
SMARTER method [47]. In the proposed approach, the purpose was to determine the rank
of sustainable development improvement actions of the outer bearing product made from
AMS6470 steel, in order to take appropriate actions to eliminate or reduce undercutting
that occurs.

e  Stage 2. Selection of the team of experts

Using the method shown in article [43], the team of experts was selected. This selection
resulted from the need to realise the later stages of the method with the participation of
competent persons who possess knowledge about the problem. Among the selected team
were five experts, i.e., the authors of the article, the manager of non-destructive testing,
and the manager of production. The same team of experts worked at every stage of
the investigation.

e  Stage 3. Identification of incompatibility source of product or process

The team of experts analysed the incompatibility in the outer bearing product made
from AMS6470 steel to determine its source. In this aim, the answer to the question “When
did the undercutting occur on the bearing?” was searched. The brainstorming method was
employed by the team of experts and a naked eye analysis was made. The results from the
quality control assessment carried out via the magnetic-powder test were then analysed.
After observation of the incompatibility, it was concluded that incompatibility occurred
during grinding.

e  Stage 4. Determine potential causes of incompatibility of product or process

As part of this stage, potential causes of undercutting on the AMS6470 steel outer bear-
ing product were identified, i.e., causes that resulted in the occurrence of this discrepancy
to a greater or lesser extent. In order to generate these causes, we explored the question
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“What happened that caused the non-compliance?”. Potential causes were determined
by a team of experts during brainstorming, where these causes were referred to as the
source of the undercutting on the outer bearing. As a result, the following potential causes
were determined:

1.  Anelongated and wide arc formed during a small current;
2. Anelongated and wide arc formed during high welding speed;
3. Incorrect electrode angle;

4.  Extensive weaving movements within the weld formation;
5. Welding current too high;

6. Large liquid weld pool flow;

7. Unclean weld layer;

8.  Inappropriate joint ratio (too small width-to-depth ration);
9.  Unsuitable material;

10. Bad carbon content in the weld (too much);

11. Impurities inside the weld;

12. Worker rushed the process;

13.  No periodic training;

14. Little worker experience;

15. Fatigue;

16. Unsuitable welding tool;

17. Inadequate lighting;

18.  No TPM performed (total productive maintenance);

19. Outdated procedures/instructions;

20. Electrode moisture;

21. Noise;

22. Auxiliary tools not calibrated;

23. Poor psychophysical condition of the employee.

The result was a list of 23 potential causes. The team of experts considered all of these
reasons as adequate for further analysis, i.e., likely to have an impact on the occurrence of
bearing incompatibility.

e  Stage 5. Selection of the number of values of effect in the qualitative area (Q)

At this stage, the team of experts selected the value of the number of effects of incom-
patibility (undercutting) on the outer bearing referring to the qualitative area (Q). The value
refers to the importance of the potential causes of the occurrence of incompatibilities or
paying attention to the deterioration of analysed bearing during use. A team of experts
selected the evaluations. The ratings were matched on the Saaty scale for each potential
cause. The developed safety data sheet for the Q indicator was used for this purpose. The
results are presented in Table 5.

The most important qualitative effects were inappropriate angle of the electrode
setting, too high welding current, elongated and wide arc formed during low current or
high current, or welding speed. Assessments of the qualitative effects of the AMS6470 steel
bearing melting were analysed in the later stages of the method.

e  Stage 6. Selection of number value of impacts on the natural environment (E)

To determine the environmentally sustainable improvement in the bearing quality of
the AMS6470 steel product, the number of impact values on the natural environment (E)
were determined. The choice was made by the team of experts, where indicator (E) referred
to the negative causes of impacts on the natural environment. These assessments were
selected by a team of experts using the characteristics of the data sheet for indicator E. The
results are shown in Table 5.

The most important potential causes due to impacts on the natural environment were
considered to be impurities inside the weld, elongated and wide arc during high welding
speed, or inadequate weld proportion. Environmental impact assessments of potential
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causes of environmental contamination due to AMS6470 bearing melting were analysed at
later stages of the study along with quality impact assessments.

Table 5. Assessment of the causes of potential undercutting on an AMS6470 steel bearing.

Impacts on the Natural

Qualitative Effects (Q) Environment (E)

No. Potential Causes Rating in Rating in Rating in Rating in
Real Triangular Real Triangular
Numbers  Fuzzy Numbers Numbers Fuzzy Numbers
1 Elongated and wide arc formed during a small current 7 6,7,8 5 4,5,6
2 Elongated and wide. arc formed during high 7 6,78 6 56,7
welding speed
3 Incorrect electrode angle 8 7,8,9 3 2,3,4
4 Extensive weaving movem?nts as part of the 6 56,7 3 234
weld formation

5 Welding current too high 8 7,8,9 5 4,5,6

6 High flow of liquid weld pool 5 4,5,6 4 3,4,5

7 Unclean weld layer 5 4,5,6 5 4,5,6

Inappropriate joint ratio (too small

8 width-to-depth ration) 4 34,5 6 56,7

9 Unsuitable material 6 5,6,7 4 3,4,5
10 Bad carbon content in the weld (too high) 5 4,5,6 2 1,2,3
11 Impurities inside the weld 4 3,4,5 7 6,7,8
12 Worker rushed the process 6 56,7 3 2,3,4
13 No periodic training 3 2,3,4 2 1,2,3
14 Little worker experience 5 4,5,6 3 2,3,4
15 Fatigue 2 1,2,3 2 1,2,3
16 Unsuitable welding tool 3 2,3,4 3 2,3,4
17 Inadequate lighting 4 3,4,5 2 1,2,3
18 No TPM performed (total productive maintenance) 6 56,7 3 2,3,4
19 Outdated procedures/instructions 5 4,5,6 2 1,2,3
20 Electrode moisture 6 56,7 2 1,2,3
21 Noise 4 3,4,5 4 3,4,5
22 No calibration of auxiliary tools 5 4,5,6 2 1,2,3
23 Poor psychophysical condition of the employee 2 1,2,3 3 2,3,4

e  Stage 7. Determine the impacts of qualitative—environmental incompatibility causes

The qualitative effects and assessments of the potential causes of undercutting in
steal bearing were combined to determine the qualitative environmental impacts. The
purpose was to determine which qualitative and simultaneously environmental effects
can potentially be the result of an incompatibility. To combine qualitative—environmental
factors, the fuzzy AHP method was used. The combined qualitative and environmental
assessments were created using Formulas (1) and (2) and were expressed in a Saaty scale,
as shown Table Al.

Then, as shown in Formula (1), a matrix (Aqgg) of the comparison of qualitative
effects and incompatibilities with impacts on the natural environment was developed. The
compared assessments were combined. Fragments of the matrix are shown in Table A2.

Next, using Formula (3), the fuzzy geometric mean value was calculated. The results
are shown in Table A3.

Finally, using Formulas (3) and (4), fuzzy qualitative-environmental weights of in-
compatibility effects were calculated (fuzzy wiQE), and then the qualitative-environmental

weights of incompatibility effects (w?E) were calculated. The results are shown in Table 6.
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Table 6. Weights of incompatibility causes of undercutting on an outer bearing made from AMS6470
steel estimated via the FAHP method.

No. Potential Causes Fuzzy w?E W?E wiQE %100
1 Elongated and wide arc formed during a 205 1.46 131 0.07 6.54
small current
2 Elongated zjmd widg arc formed during 256 1.59 131 0.07 740
high welding speed
3 Incorrect electrode angle 1.02 1.34 1.48 0.05 5.15
4 Extensive weaving movemgnts as part of 1.02 1.10 115 0.04 440
the weld formation
5 Welding current too high 2.05 1.59 1.48 0.07 6.92
6 High flow of liquid weld pool 1.53 1.10 0.99 0.05 491
7 Unclean weld layer 2.05 1.22 0.99 0.06 5.79
Inappropriate joint ratio (too small
8 width-to-depth ration) 1.53 1.22 1.15 0.05 5.28
9 Unsuitable material 1.53 1.22 1.15 0.05 5.28
10 Bad carbon content in the weld (too high) 0.51 0.85 0.99 0.03 3.14
11 Impurities inside the weld 1.53 1.34 1.31 0.06 5.66
12 Worker rushed the process 1.02 1.10 1.15 0.04 4.40
13 No periodic training 0.51 0.61 0.66 0.02 2.39
14 Little worker experience 1.02 0.98 0.99 0.04 4.02
15 Fatigue 0.51 0.49 0.49 0.02 2.01
16 Unsuitable welding tool 1.02 0.73 0.66 0.03 3.27
17 Inadequate lighting 0.51 0.73 0.82 0.03 2.76
18 No TPM performed (total 1.02 1.10 115 0.04 4.40
productive maintenance)
19 Outdated procedures/instructions 0.51 0.85 0.99 0.03 3.14
20 Electrode moisture 0.51 0.98 1.15 0.04 3.51
21 Noise 1.53 0.98 0.82 0.05 4.53
22 No calibration of auxiliary tools 0.51 0.85 0.99 0.03 3.14
23 Poor psychophysical condition of 051 061 0.66 0.02 239

the employee

The qualitative—environmental weights of incompatibility effects (undercutting) were
included in the next analysis, as shown in the next stages of the method.

e  Stage 8. Selection of the numerical value of the risk of the occurrence of the causes of
incompatibility (P)

At this stage, the team of experts selected the values of risk for incompatibility (P)
causes of the AMS6470 steel outer bearing. Assessments were selected based on a charac-
teristics table and based on real numbers. The result is shown in Table 7.

The awarded grades were analysed at the next stage of the method, as presented in
the following section.

e  Stage 9. Three-criteria analysis of incompatibility causes and selection of environmen-
tally sustainable improvement actions

Based on the estimated value of the qualitative-environmental weights of the effects
of the incompatibility (wiQE) and selected assessments of risk (P), an analysis of the future
risk of undercutting on the outer bearing made from AMS6470 steel was realised. An XY
coordinate chart was used where the X-axis is the qualitative and environmental weights,
while the Y-axis is the assessment of the risk of occurrence. The points in the graph are the
corresponding values for the relationship of the causes of potential bearing nonconformities
in terms of quality, environment, and risk of occurrence. Subsequently, using Formula (5),
the estimated distances were marked, which determine the importance (significance) of the
causes of noncompliance in terms of quality and environment and, at the same time, the
probability of occurrence. The result of this stage is shown in Figure 5.
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Table 7. Risk values for incompatibility (P) causes on AMS6470 steel outer bearing.

. Rating in Real Rating in Triangular
No. Potential Causes Numbers Fuzzy Numbers
1 Elongated and wide arc formed during a small current 8 7,8,9
2 Elongated and wide arc formed during high welding speed 8 7,8,9
3 Incorrect electrode angle 6 56,7
4 Extensive weaving movements as part of the weld formation 4 3,4,5
5 Welding current too high 4 3,4,5
6 High flow of liquid weld pool 8 7,8,9
7 Unclean weld layer 4 3,4,5
8 Inappropriate joint ratio (too small width-to-depth ration) 6 56,7
9 Unsuitable material 4 3,4,5
10 Bad carbon content in the weld (too high) 6 56,7
11 Impurities inside the weld 2 1,2,3
12 Worker rushed the process 2 1,2,3
13 No periodic training 7 6,7,8
14 Little worker experience 3 2,3,4
15 Fatigue 7 6,7,8
16 Unsuitable welding tool 4 3,4,5
17 Inadequate lighting 2 1,2,3
18 No TPM performed (total productive maintenance) 4 3,4,5
19 Outdated procedures/instructions 5 4,56
20 Electrode moisture 5 4,5,6
21 Noise 4 3,4,5
22 No calibration of auxiliary tools 2 1,2,3
23 Poor psychophysical condition of the employee 2 1,2,3
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risk of the occurring causes of incompatibility. Own study.
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It was concluded that main causes were (P1) elongated and wide arc formed during a
small current, (P2) elongated and wide arc formed during high welding speed, welding
current too high, and (P5) high weld pool flow. These causes have the biggest negative
impacts on the natural environment, and have significant impacts on the quality of the
product and high risk of occurring. The improvement actions that can contribute to
eliminating or minimising the occurrence of incompatibilities are, for example, using a
short arc, i.e., reducing the welding voltage, leading the electrode at the right angle, using
a welding technique consisting of the use of weavings supporting the electrodes on the
edges of the weld, or reducing the welding current.

4. Discussion

Enterprises strive for effective management of the quality of products or processes.
Quality management of product development is one of the essential elements supporting
sustainable development [11,12]. To achieve sustainable development goals, it is neces-
sary to meet customers’ expectations and simultaneously reduce negative impacts on the
natural environment [62-64]. The previous analyses focused mainly on the use of various
instruments supporting quality improvement and reducing the negative impacts on the
environment, e.g., the QFD method [23], and its modification [22], FMEA, TRIZ [27], FTOP-
SIS [8], LCA [26], DEMATEL [29], or VIKOR [30]. Nevertheless, the analyses to date have
not sufficiently addressed the analysis of the causes of incompatibility of products or the
processes that lead to their creation [65]; therefore, these analyses should address quality
effects, environmental impacts [66], and the risk of the identified causes occurring. Hence,
the purpose of this study was to develop a fuzzy method for the sustainable development
of product and process improvement (FQE-SD method). Tests of the method were carried
out on the issue of undercutting on an AMS6470 steel outer bearing product. After verifying
the FQE-SD method, it was concluded that it can sustainable development principles. This
method supports these actions by analysing and rating the causes of incompatibilities
in products or processes. These analyses are realized in the fuzzy decision environment
and simultaneously refer to the impacts of these causes on quality, environment, and risk
of occurrence. After testing this method, it was possible to identify the following main
benefits of the FQE-SD method:

e Sequential and consistent analysis of the causes of incompatibility of products
or processes;

e  Possibility to precisely determine the main causes of incompatibility of products
or processes;

e Combining qualitative effects and environmental impacts into one quality—
environmental indicator;

e  Making decisions about the causes of non-compliance based on the verification of
quality and environmental effects and the risk of their occurrence;

e  Reducing inconsistencies and uncertainties in expert assessments by using Saaty’s
fuzzy scale;

e Support for the idea of sustainable development of products and their creation processes.

However, the limitations of the method concern the problem of analysing a very large
number of potential causes because there is a need to compare them later in pairs. This
determines the time-consuming nature of the method. In addition, a certain limitation is
the need to conduct the analysis by a competent and properly selected team of experts.

The presented results confirm the possibility of the practical application of the FQE-
SD method. Future research will be based on a combination of three indicators: quality,
environment, and risk of occurrence. A procedure for dynamic analysis of potential causes,
based on statistical analysis, will be developed as part of future research, the results of
which will be presented in a separate article.
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5. Conclusions

Improving the quality of products and the processes of their creation are basic activities
of companies. However, in the era of climate change, actions should be taken not only
to improve quality, but also to protect the natural environment. Hence, the purpose of
this research was to develop a fuzzy method for the sustainable development of product
and process improvement (FQE-SD method). The method was developed in a hybrid
manner so that selected tools and elements of qualitative methods were combined and
multi-criteria methods supported decisions. These integrated techniques were as follows:
the SMARTER method, brainstorming (BM), a method of selecting the team of experts, the
Pareto-Lorenz rule, the fuzzy QE-FMEA method, and the fuzzy AHP method. The FQE-SD
method was verified in a case study of an AMS6470 steel outer bearing product, in which
incompatibility was identified.

The method was developed and tested in nine main stages. The methodology of
FQE-SD relies on an identified source of incompatibilities and then determining the
potential causes. These causes were classified in view of qualitative, environmental,
and risk indicators. These assessments were expressed in a fuzzy Saaty scale. The
selection was conducted according to data sheets for these indicators. The qualitative
and environmental assessments were then integrated to determine the qualitative and
environmental impacts of the causes of the incompatibility of the product using the FAHP
method. Then, a qualitative—environmental indicator analysis of the risk of occurrence
was performed. As a result, it was shown that the main causes of outer bearing weld
melting were elongated and wide arc formed during low current, elongated and wide
arc formed during high welding speed, too high welding current, and large weld pool
flow. Improvement actions have been proposed for these root causes. It has been
shown that the FQE-SD method can support the process of improving products or
processes according to the principles of sustainable development. The methodology was
conducted by analysing and validating the causes of incompatibility simultaneously in
terms of their impacts on quality, environment, and priority of occurrence in a fuzzy
decision-making environment.

The originality of the FQE-SD method is its hybrid methodology, i.e., it combines (inte-
grates) various techniques in a coherent manner. The method supports the implementation
of the idea of sustainable development and, at the same time, the pursuit of high quality
products or processes. This is conducted by analysing the qualitative and environmental
effects of the causes of incompatibility of products or processes, as well as the risks of their
occurrence. The method can be used for any products or processes where non-conformities
have been identified. In particular, it will be useful for products or processes that have
significant impacts on the natural environment.
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Appendix A

Table A1l. Combined triangular fuzzy numbers of qualitative effects and impacts on the natural

environment.

Combined TFN from Qualitative

No. Potential Causes and Environment Ratings (QE)
1 Elongated and wide arc formed during a small current 4 6 8
2 Elongated and wide arc formed during high welding speed 5 6.5 8
3 Incorrect electrode angle 2 5.5 9
4 Extensive weaving movements as part of the weld formation 2 4.5 7
5 Welding current too high 4 6.5 9
6 High flow of liquid weld pool 3 4.5 6
7 Unclean weld layer 4 5 6
8 Inappropriate joint ratio (too small width-to-depth ration) 3 5 7
9 Unsuitable material 3 5 7
10 Bad carbon content in the weld (too high) 1 3.5 6
11 Impurities inside the weld 3 5.5 8
12 Worker rushed the process 2 4.5 7
13 No periodic training 1 2.5 4
14 Little worker experience 2 4 6
15 Fatigue 1 2 3
16 Unsuitable welding tool 2 3 4
17 Inadequate lighting 1 3 5
18 No TPM performed (total productive maintenance) 2 4.5 7
19 Outdated procedures/instructions 1 3.5 6
20 Electrode moisture 1 4 7
21 Noise 3 4 5
22 No calibration of auxiliary tools 1 3.5 6
23 Poor psychophysical condition of the employee 1 2.5 4
Table A2. Fragments of the matrix of comparison in pairs of potential causes.
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
P1 1.00; 0.80; 2.00; 2.00; 1.00; 1.33; 1.00; 1.33; 1.33; 4.00;
1.00;1.00 0.92;1.00 1.09;0.89 1.33;1.14 092;0.89 133;1.33 1.20;1.33 1.20;1.14 1.20;1.14 1.71;1.33
P 1.25; 1.00; 2.50; 2.50; 1.25; 1.67; 1.25; 1.67; 1.67; 5.00;
1.08;1.00 1.00,1.00 1.18;0.89 1.44;1.14 1.00;0.89 144;1.33 130,133 1.30;1.14 1.30;1.14 1.86;1.33
P3 0.50; 0.40; 1.00; 1.00; 0.50; 0.67; 0.50; 0.67; 0.67; 2.00;
092;1.13 0.85,1.13 1.00;1.00 1.22;1.29 0.85/100 122,150 110,150 1.10;1.29 1.10;1.29 1.57;1.50
P4 0.50; 0.40; 1.00; 1.00; 0.50; 0.67; 0.50; 0.67; 0.67; 2.00;
0.75;0.88 0.69;0.88 0.82;0.78 1.00;1.00 0.69;0.78 1.00;1.17 0.90.1.17 0.90;1.00 0.90;1.00 1.29;1.17
P5 1.00; 0.80; 2.00; 2.00; 1.00; 1.33; 1.00; 1.33; 1.33; 4.00;
1.08;1.13 1.00,1.13 1.18;1.00 1.44;129 1.00;1.00 144;1.50 1.30;1.50 1.30;1.29 1.30;1.29 1.86;1.50
P6 0.75; 0.60; 1.50; 1.50; 0.75; 1.00; 0.75; 1.00; 1.00; 3.00;
0.75;0.75 0.69;0.75 0.82;0.67 1.00;,0.86 0.69;0.67 1.00;1.00 0.90;1.00 0.90;0.86 0.90;0.86 1.29;1.00
P7 0.75; 0.60; 1.50; 1.50; 0.75; 1.00; 0.75; 1.00; 1.00; 3.00;
0.83;0.88 0.77,0.88 0.91;0.78 1.11;1.00 0.77,0.78 1.11;1.17 1.00;1.17 1.00;1.00 1.00;1.00 1.43;1.17
P8 0.75; 0.60; 1.50; 1.50; 0.75; 1.00; 0.75; 1.00; 1.00; 3.00;
0.83;0.88 0.77;0.88 0.91;0.78 1.11;1.00 0.77,0.78 1.11;1.17 1.00;1.17 1.00;1.00 1.00;1.00 1.43;1.17
P9 0.75; 0.60; 1.50; 1.50; 0.75; 1.00; 0.75; 1.00; 1.00; 3.00;
0.83;0.88 0.77;0.88 0.91;0.78 1.11;1.00 0.77,0.78 1.00;1.17 1.00;1.17 1.00;1.00 1.00;1.00 1.43;1.17
P10 0.25; 0.20; 0.50; 0.50; 0.25; 0.33; 0.25; 0.33; 0.33; 1.00;
0.58;0.75 0.54;0.75 0.64;,0.67 0.78;0.86 0.54;0.67 0.78;1.00 0.70;1.00 0.70;0.86 0.70;0.86 1.00;1.00

Where: P1—P10—as in Table Al.
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Table A3. Fuzzy geometric mean value from assessments of quality and environment (QE) for
problems on outer bearing.

No. Potential Causes Values of the Geometric Mean (QE)
1 Elongated and wide arc formed during a small current 2.05 1.46 1.31
2 Elongated and wide arc formed during high welding speed 2.56 1.59 131
3 Incorrect electrode angle 1.02 1.34 1.48
4 Extensive weaving movements as part of the weld formation 1.02 1.10 115
5 Welding current too high 2.05 1.59 1.48
6 High flow of liquid weld pool 1.53 1.10 0.99
7 Unclean weld layer 2.05 1.22 0.99
8 Inappropriate joint ratio (too small width-to-depth ratio) 1.53 1.22 1.15
9 Unsuitable material 1.53 1.22 1.15
10 Bad carbon content in the weld (too high) 0.51 0.85 0.99
11 Impurities inside the weld 1.53 1.34 131
12 Worker rushed the process 1.02 1.10 1.15
13 No periodic training 0.51 0.61 0.66
14 Little worker experience 1.02 0.98 0.99
15 Tiredness 0.51 0.49 0.49
16 Unsuitable welding tool 1.02 0.73 0.66
17 Inadequate lighting 0.51 0.73 0.82
18 No TPM performed (total productive maintenance) 1.02 1.10 1.15
19 Outdated procedures/instructions 0.51 0.85 0.99
20 Electrode moisture 0.51 0.98 1.15
21 Noise 1.53 0.98 0.82
22 No calibration of auxiliary tools 0.51 0.85 0.99
23 Poor psychophysical condition of the employee 0.51 0.61 0.66
References
1.  Yongming, W.; Baixiang, L.; Muzhi, L. Quality Function Deployment for Environment in Product Eco-Design. In Proceed-
ings of the 2009 International Conference on Energy and Environment Technology, Guilin, China, 16-18 October 2009; IEEE:
Piscataway, NJ, USA, 2009; pp. 476-479.
2. Siwiec, D.; Pacana, A. Model Supporting Development Decisions by Considering Qualitative—Environmental Aspects. Sustain-
ability 2021, 13, 9067. [CrossRef]
3.  Skaar, C.; Lausselet, C.; Bergsdal, H.; Brattebg, H. Towards a LCA Database for the Planning and Design of Zero-Emissions
Neighborhoods. Buildings 2022, 12, 512. [CrossRef]
4. Gazda, A.; Pacana, A.; DuSan, M. Study on Improving the Quality of Stretch Film by Taguchi Method. Przem. Chem. 2013,
92, 1000-1002.
5. Murino, T,; Nardo, M.; Pallastro, D.; Berx, N.; Francica, A.; Decre, W.; Philips, J.; Pintelon, L. Exploring a cobot risk assessment
approach combining FMEA and PRAT. Qual. Reliab. Eng. Int. 2023, 39, 706-731. [CrossRef]
6. Di Nardo, M.; Murino, T.; Osteria, G.; Santillo, L.C. A New Hybrid Dynamic FMECA with Decision-Making Methodology: A
Case Study in an Agri-Food Company. Appl. Syst. Innov. 2022, 5, 45. [CrossRef]
7.  Zavadskas, E.; Govindan, K.; Antucheviciene, J.; Turskis, Z. Hybrid multiple criteria decision-making methods: A review of
applications for sustainability issues. Econ. Res. 2016, 29, 857-887. [CrossRef]
8. Hameed, A.Z.; Kandasamy, J.; Aravind Raj, S.; Baghdadi, M.A.; Shahzad, M.A. Sustainable Product Development Using FMEA
ECQFD TRIZ and Fuzzy TOPSIS. Sustainability 2022, 14, 14345. [CrossRef]
9. Wolniak, R. Downtime in the Automotive Industry Production Process—Cause Analysis. Qual. Innov. Prosper. 2019, 23, 101.
[CrossRef]
10. Conde, G.; Martens, M. Six sigma project generation and selection: Literature review and feature based method proposition. Prod.
Plan. Control. 2020, 31, 1303-1312. [CrossRef]
11. Siwiec, D.; Pacana, A. Method of Improve the Level of Product Quality. Prod. Eng. Arch. 2021, 27, 1-7. [CrossRef]
12.  Liu, E; Dai, Y. Product Processing Quality Classification Model for Small-Sample and Imbalanced Data Environment. Comput.
Intell. Neurosci. 2022, 2022, 9024165. [CrossRef] [PubMed]
13.  Angell, L.C; Klassen, R.D. Integrating Environmental Issues into the Mainstream: An Agenda for Research in Operations
Management. . Oper. Manag. 1999, 17, 575-598. [CrossRef]
14. Mfungo, D.E; Fu, X,; Xian, Y.; Wang, X. A Novel Image Encryption Scheme Using Chaotic Maps and Fuzzy Numbers for Secure
Transmission of Information. Appl. Sci. 2023, 13, 7113. [CrossRef]
15. Ostasz, G.; Siwiec, D.; Pacana, A. Universal Model to Predict Expected Direction of Products Quality Improvement. Energies 2022,

15, 1751. [CrossRef]


https://doi.org/10.3390/su13169067
https://doi.org/10.3390/buildings12050512
https://doi.org/10.1002/qre.3252
https://doi.org/10.3390/asi5030045
https://doi.org/10.1080/1331677X.2016.1237302
https://doi.org/10.3390/su142114345
https://doi.org/10.12776/qip.v23i2.1259
https://doi.org/10.1080/09537287.2019.1706196
https://doi.org/10.30657/pea.2021.27.1
https://doi.org/10.1155/2022/9024165
https://www.ncbi.nlm.nih.gov/pubmed/35371247
https://doi.org/10.1016/S0272-6963(99)00006-6
https://doi.org/10.3390/app13127113
https://doi.org/10.3390/en15051751

Sustainability 2023, 15, 9927 21 of 22

16.
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.

Wolniak, R. The Use of QFD Method Advantages and Limitation. Prod. Eng. Arch. 2018, 18, 14-17. [CrossRef]

Siva, V.; Gremyr, L; Bergquist, B.; Garvare, R.; Zobel, T.; Isaksson, R. The Support of Quality Management to Sustainable
Development: A Literature Review. J. Clean Prod. 2016, 138, 148-157. [CrossRef]

Lazar, S.; Potocan, V.; Klimecka-Tatar, D.; Obrecht, M. Boosting Sustainable Operations with Sustainable Supply Chain Modeling:
A Case of Organizational Culture and Normative Commitment. Int. J. Environ. Res. Public Health 2022, 19, 11131. [CrossRef]
Pacana, A ; Siwiec, D.; Bednarova, L. Analysis of the Incompatibility of the Product with Fluorescent Method. Metalurgija 2019,
58, 337-340.

Pacana, A.; Siwiec, D. Model to Predict Quality of Photovoltaic Panels Considering Customers’ Expectations. Energies 2022,
15,1101. [CrossRef]

Zhang, Y.; Zhang, Y.; Gong, C.; Dinger, H.; Yiiksel, S. An Integrated Hesitant 2-Tuple Pythagorean Fuzzy Analysis of QFD-Based
Innovation Cost and Duration for Renewable Energy Projects. Energy 2022, 248, 123561. [CrossRef]

Ahmad, M.; Cheng, W.; Haq, A.; Shah, S. Construction of fuzzy X—S control chart using trapezoidal fuzzy number with
unbalanced data. . Stat. Comput. Simul. 2023, 93, 634—-645. [CrossRef]

Pacana, A.; Siwiec, D. Method of Fuzzy Analysis of Qualitative-Environmental Threat in Improving Products and Processes
(Fuzzy QE-FMEA). Materials 2023, 16, 1651. [CrossRef] [PubMed]

Wolniak, R. Problems of Use of FMEA Method in Industrial Enterprise. Prod. Eng. Arch. 2019, 23, 12-17. [CrossRef]
Geldermann, J.; Spengler, T.; Rentz, O. Fuzzy Outranking for Environmental Assessment. Case Study: Iron and Steel Making
Industry. Fuzzy Sets Syst. 2000, 115, 45-65. [CrossRef]

Kulatunga, A K.; Karunatilake, N.; Weerasinghe, N.; Ihalawatta, R.K. Sustainable Manufacturing Based Decision Support Model
for Product Design and Development Process. Procedia CIRP 2015, 26, 87-92. [CrossRef]

Tandiono, Y.; Rau, H. An Enhanced Model Using the Kano Model, QFDE, and TRIZ with a Component-Based Approach for
Sustainable and Innovative Product Design. Sustainability 2022, 15, 527. [CrossRef]

Chen, T.-L.; Chen, C.-C.; Chuang, Y.-C.; Liou, ].].H. A Hybrid MADM Model for Product Design Evaluation and Improvement.
Sustainability 2020, 12, 6743. [CrossRef]

Wu, W.-W,; Lee, Y.-T. Developing Global Managers” Competencies Using the Fuzzy DEMATEL Method. Expert Syst. Appl. 2007,
32,499-507. [CrossRef]

Kaya, T.; Kahraman, C. Multicriteria Renewable Energy Planning Using an Integrated Fuzzy VIKOR & AHP Methodology: The
Case of Istanbul. Energy 2010, 35, 2517-2527. [CrossRef]

Siwiec, D.; Pacana, A. A Pro-Environmental Method of Sample Size Determination to Predict the Quality Level of Products
Considering Current Customers’ Expectations. Sustainability 2021, 13, 5542. [CrossRef]

Rahardjo, B.; Wang, E-K,; Lo, S.-C.; Chou, ].-H. A Hybrid Multi-Criteria Decision-Making Model Combining DANP with VIKOR
for Sustainable Supplier Selection in Electronics Industry. Sustainability 2023, 15, 4588. [CrossRef]

Wu, L.; Tang, Y.; Zhang, L.; Huang, Y. Uncertainty Management in Assessment of FMEA Expert Based on Negation Information
and Belief Entropy. Entropy 2023, 25, 800. [CrossRef] [PubMed]

Vink, K. Sustainable Life Cycle Design Aspects: How Aware Are Material Scientists? SN Appl. Sci. 2020, 2, 1364. [CrossRef]
Parveen, S.; Khan, S.; Kamal, M.A.; Abbas, M.A.; Aijaz Syed, A.; Grima, S. The Influence of Industrial Output, Financial
Development, and Renewable and Non-Renewable Energy on Environmental Degradation in Newly Industrialized Countries.
Sustainability 2023, 15, 4742. [CrossRef]

Alejandrino, C.; Mercante, 1.T.; Bovea, M.D. Combining O-LCA and O-LCC to Support Circular Economy Strategies in Organiza-
tions: Methodology and Case Study. J. Clean. Prod. 2022, 336, 130365. [CrossRef]

Saaty, T.L.; Tran, L.T. On the Invalidity of Fuzzifying Numerical Judgments in the Analytic Hierarchy Process. Math. Comput.
Model. 2007, 46, 962-975. [CrossRef]

Saaty, T.L. Decision-Making with the AHP: Why Is the Principal Eigenvector Necessary. Eur. J. Oper. Res. 2003, 145, 85-91.
[CrossRef]

Boral, S.; Howard, I.; Chaturvedi, S.K.; McKee, K.; Naikan, V.N.A. A Novel Hybrid Multi-Criteria Group Decision Making
Approach for Failure Mode and Effect Analysis: An Essential Requirement for Sustainable Manufacturing. Sustain. Prod. Consum.
2020, 21, 14-32. [CrossRef]

Haiyun, C.; Zhixiong, H.; Yiiksel, S.; Dinger, H. Analysis of the Innovation Strategies for Green Supply Chain Management in the
Energy Industry Using the QFD-Based Hybrid Interval Valued Intuitionistic Fuzzy Decision Approach. Renew. Sustain. Energy
Rev. 2021, 143, 110844. [CrossRef]

Ebrahimipour, V.; Rezaie, K.; Shokravi, S. Enhanced FMEA by Multi-Agent Engineering FIPA Based System to Analyze Failures.
In Proceedings of the 2010 Proceedings—Annual Reliability and Maintainability Symposium (RAMS), San Jose, CA, USA,
25-28 January 2010; IEEE: Piscataway, NJ, USA, 2010; pp. 1-6.

Horvathova, P; Copikova, A.; Mokra, K. Methodology Proposal of the Creation of Competency Models and Competency Model
for the Position of a Sales Manager in an Industrial Organisation Using the AHP Method and Saaty’s Method of Determining
Weights. Econ. Res. Ekon. IstraZivanja 2019, 32, 2594-2613. [CrossRef]

Pacana, A.; Siwiec, D. Universal Model to Support the Quality Improvement of Industrial Products. Materials 2021, 14, 7872.
[CrossRef] [PubMed]


https://doi.org/10.30657/pea.2018.18.02
https://doi.org/10.1016/j.jclepro.2016.01.020
https://doi.org/10.3390/ijerph191711131
https://doi.org/10.3390/en15031101
https://doi.org/10.1016/j.energy.2022.123561
https://doi.org/10.1080/00949655.2022.2116437
https://doi.org/10.3390/ma16041651
https://www.ncbi.nlm.nih.gov/pubmed/36837278
https://doi.org/10.30657/pea.2019.23.02
https://doi.org/10.1016/S0165-0114(99)00021-4
https://doi.org/10.1016/j.procir.2015.03.004
https://doi.org/10.3390/su15010527
https://doi.org/10.3390/su12176743
https://doi.org/10.1016/j.eswa.2005.12.005
https://doi.org/10.1016/j.energy.2010.02.051
https://doi.org/10.3390/su13105542
https://doi.org/10.3390/su15054588
https://doi.org/10.3390/e25050800
https://www.ncbi.nlm.nih.gov/pubmed/37238555
https://doi.org/10.1007/s42452-020-3151-z
https://doi.org/10.3390/su15064742
https://doi.org/10.1016/j.jclepro.2022.130365
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/S0377-2217(02)00227-8
https://doi.org/10.1016/j.spc.2019.10.005
https://doi.org/10.1016/j.rser.2021.110844
https://doi.org/10.1080/1331677X.2019.1653780
https://doi.org/10.3390/ma14247872
https://www.ncbi.nlm.nih.gov/pubmed/34947466

Sustainability 2023, 15, 9927 22 of 22

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Gluszak, M.; Gawlik, R.; Zieba, M. Smart and Green Buildings Features in the Decision-Making Hierarchy of Office Space Tenants:
An Analytic Hierarchy Process Study. Adm. Sci. 2019, 9, 52. [CrossRef]

Grabowski, M.; Gawlik, J.; Krajowska-Spiewak, J.; Skoczypiec, S.; Tyczynski, P. Technological Possibilities of the Carbide Tools
Appliaction for Precision Machining of WCLV Hardened Steel. Adv. Sci. Technol. Res. J. 2022, 16, 141-148. [CrossRef]

Liu, Y.; Eckert, C.M.; Earl, C. A Review of Fuzzy AHP Methods for Decision-Making with Subjective Judgements. Expert Syst.
Appl. 2020, 161, 113738. [CrossRef]

Lawor, B.; Hornyak, M. Smart goals: How the application of smart goals can contribute to achievement of student learning
outcomes. Dev. Bus. Simul. Exp. Learn. 2012, 39, 259-267.

Putman, V.L.; Paulus, P.B. Brainstorming, Brainstorming Rules and Decision Making. J. Creat. Behav. 2009, 43, 29-40. [CrossRef]
Hota, A.; Sawicki, M.; Széstak, M. Methodology of Classifying the Causes of Occupational Accidents Involving Construction
Scaffolding Using Pareto-Lorenz Analysis. Appl. Sci. 2018, 8, 48. [CrossRef]

Siwiec, D.; Pacana, J.; Pacana, A. A Novelty Procedure to Identify Critical Causes of Materials Incompatibility. Materials 2023,
16, 3884. [CrossRef]

Yamakawa, E.K.; Aoki, A.R.; Siebert, L.C.; Klinguelfus, G.; Cauchick Miguel, P.A. A Fuzzy-QFD Decision Making Approach
for Selecting Industry Energy Efficiency Indicators. In Proceedings of the 2013 IEEE PES Conference on Innovative Smart Grid
Technologies (ISGT Latin America), Sao Paulo, Brazil, 15-17 April 2013; IEEE: Piscataway, NJ, USA, 2013; pp. 1-5.

Chang, D.-Y. Applications of the Extent Analysis Method on Fuzzy AHP. Eur. |. Oper. Res. 1996, 95, 649—-655. [CrossRef]

Hota, B.; Nowobilski, T.; WozZniak, Z.; Biatko, M. Qualitative and Quantitative Analysis of the Causes of Occupational Accidents
Related to the Use of Construction Scaffoldings. Appl. Sci. 2022, 12, 5514. [CrossRef]

Rodzaju, A.; Bledu, S. Podrecznik AIAG & VDA FMEA, FMEA Konstrukeji, FMEA Procesu, Uzupelniajace FMEA Do Moni-
torowania i Odpowiedzi Systemu; SQDA: Pszczyna; 2019; Volume 1, SQDA, Pszczyna. Available online: https://wydawnictwo-
sqda.pl/produkt/aiag-vda-fmea-pl/ (accessed on 15 April 2023).

Hassan, A.; Siadat, A.; Dantan, J.-Y.; Martin, P. Conceptual Process Planning—An Improvement Approach Using QFD, FMEA,
and ABC Methods. Robot. Comput. Integr. Manuf. 2010, 26, 392-401. [CrossRef]

Mhaya, A.M.; Algaifi, H.A.; Shahidan, S.; Zuki, S.S.M.; Azmi, M.A.M.; Ibrahim, M.H.W.; Huseien, G.F. Systematic Evaluation of
Permeability of Concrete Incorporating Coconut Shell as Replacement of Fine Aggregate. Materials 2022, 15, 7944. [CrossRef]
[PubMed]

Arora, H.D.; Naithani, A. Some Distance Measures for Triangular Fuzzy Numbers under Technique for Order of Preference by
Similarity to Ideal Solution Environment. In OPSEARCH; Springer: Berlin/Heidelberg, Germany, 2023. [CrossRef]

Solangi, Y.A.; Longsheng, C.; Shah, S.A.A.; Alsanad, A.; Ahmad, M.; Akbar, M.A.; Gumaei, A.; Ali, S. Analyzing Renewable
Energy Sources of a Developing Country for Sustainable Development: An Integrated Fuzzy Based-Decision Methodology.
Processes 2020, 8, 825. [CrossRef]

Fernandez-Garcia, O.; Gil-Llario, M.D.; Ballester-Arnal, R. Construction of a Form for Users of the Child Welfare System Based on
the Delphi Method. Children 2023, 10, 1026. [CrossRef]

Zanichelli, A.; Colpo, A.; Friedrich, L.; Iturrioz, I.; Carpinteri, A.; Vantadori, S. A Novel Implementation of the LDEM in the
Ansys LS-DYNA Finite Element Code. Materials 2021, 14, 7792. [CrossRef] [PubMed]

Liu, L. Welding Metallurgy of Magnesium Alloys. In Welding and Joining of Magnesium Alloys; Elsevier: Amsterdam,
The Netherlands, 2010; pp. 9-15.

Torkayesh, A.E.; Rajaeifar, M.A.; Rostom, M.; Malmir, B.; Yazdani, M.; Suh, S.; Heidrich, O. Integrating Life Cycle Assessment and
Multi Criteria Decision Making for Sustainable Waste Management: Key Issues and Recommendations for Future Studies. Renew.
Sustain. Energy Rev. 2022, 168, 112819. [CrossRef]

Balgis, N.; Mohamed Jan, B.; Simon Cornelis Metselaar, H.; Sidek, A.; Kenanakis, G.; Ikram, R. An Overview of Recycling Wastes
into Graphene Derivatives Using Microwave Synthesis; Trends and Prospects. Materials 2023, 16, 3726. [CrossRef]

Goh, C.S.; Chong, H.-Y. Opportunities in the Sustainable Built Environment: Perspectives on Human-Centric Approaches.
Energies 2023, 16, 1301. [CrossRef]

Siwiec, D.; Pacana, A.; Gazda, A. A New QFD-CE Method for Considering the Concept of Sustainable Development and Circular
Economy. Energies 2023, 16, 2474. [CrossRef]

Siwiec, D.; Pacana, A. Model of Choice Photovoltaic Panels Considering Customers’” Expectations. Energies 2021, 14, 5977.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/admsci9030052
https://doi.org/10.12913/22998624/144340
https://doi.org/10.1016/j.eswa.2020.113738
https://doi.org/10.1002/j.2162-6057.2009.tb01304.x
https://doi.org/10.3390/app8010048
https://doi.org/10.3390/ma16103884
https://doi.org/10.1016/0377-2217(95)00300-2
https://doi.org/10.3390/app12115514
https://wydawnictwo-sqda.pl/produkt/aiag-vda-fmea-pl/
https://wydawnictwo-sqda.pl/produkt/aiag-vda-fmea-pl/
https://doi.org/10.1016/j.rcim.2009.12.002
https://doi.org/10.3390/ma15227944
https://www.ncbi.nlm.nih.gov/pubmed/36431430
https://doi.org/10.1007/s12597-023-00627-2
https://doi.org/10.3390/pr8070825
https://doi.org/10.3390/children10061026
https://doi.org/10.3390/ma14247792
https://www.ncbi.nlm.nih.gov/pubmed/34947385
https://doi.org/10.1016/j.rser.2022.112819
https://doi.org/10.3390/ma16103726
https://doi.org/10.3390/en16031301
https://doi.org/10.3390/en16052474
https://doi.org/10.3390/en14185977

	Introduction 
	Materials and Methods 
	Motivation and General Concept of the FQE-SD Method 
	Assumptions of the FQE-SD Method 
	Procedure of the FQE-SD Method 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

