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Abstract: Dynamic changes in customers’ expectations and unfavorable climate changes have gener-
ated the need to consider such aspects in the process of creating new products and the modernization
of existing products. Simultaneously including customers’ expectations and environmental impact
is a key element of the sustainable development of products. Enterprises attempt, within their
awareness and possibilities, to apply the idea of sustainability; they do this more or less methodically.
As such, an instrument to support decision-making in the area of product development is still needed
because it would both be desirable for customers and have less of a negative effect on the natural
environment. The purpose of this study was to develop a model that supports decision-making in
the development of products while considering sustainability. The model determines the key criteria
of the product, criteria states (current and future), and their positive correlations (e.g., achieving
high levels of product quality and no (or a reduction in) destructive impact on the environment).
To reduce the fuzzy decision-making environment, multiplicative decision methods with the fuzzy
Saaty scale were implemented. These methods were the fuzzy analytic hierarchy process (FAHP)
and the fuzzy technique for order of preference by similarity to ideal solution (FTOPSIS). The model
is able to support qualitative–environment decisions in the development of any product.

Keywords: prediction; sustainability; quality; environment; mechanical engineering; production en-
gineering

1. Introduction

In well-developed enterprises, improving product quality while simultaneously taking
care of the natural environment is important. It mainly manifests itself as customer-
orientated product development [1–3] and concerns the customization of products to
customers’ expectations while also considering reductions of the negative impacts of these
products on the natural environment [4,5]. This requires the development of products
that are safe for the environment (ecological) and simultaneously satisfactory in terms of
quality [6–10]. The product quality level—the level of product compliance with customers’
expectations, referring only to the specific intended use of the product—is determined
for this purpose. From a pro-environment standpoint, the quality level should include
environmental aspects, i.e., the consideration of all organization activities and products
that can impact the environment [11]. However, the dynamics of the market, including
the industrialization of enterprises (Industry 4.0) [12,13], have generated the need for
the sustainable development of products ahead of the competition [1]. This requires the
prediction of product quality level and its possible impact on the natural environment.
Accordingly, acquiring customers’ expectations (their guesswork and desires) based on their
opinion of existing products is beneficial [3]. This allows for a more precise expression of
customers’ expectations and reduces negative environmental aspects. Various instruments
are used for this purpose, but it remains a challenge to anticipate a product that is both
qualitatively and environmentally satisfactory.
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A review of the literature on the subject indicates that previous research has been
concerned with predicting the product quality level and impact of the product on the
environment. However, a single model for simultaneously predicting the product quality
level while considering the product’s impact on the natural environment is lacking. For
example, the authors of [14] predicted the quality level of solder paste printing (SPP). This
prediction was supported by a neural network based on wavelets; it was shown that apply-
ing a multidimensional neural network supported the efficiency of the printing process. In
addition, it was shown that applying a multidimensional neural network can prevent print
defects and determine how often the printer needs to be cleaned. Decision support with a
neural network was also used by the authors of [15], in which the subject of analysis was
wood. In this case, the quality of wood was predicted by considering its density, stiffness,
and localization. Neural networks (which use machine learning) have also been applied
to support micro-injection molding, in which the reflection quality is analyzed while also
considering other criteria, e.g., sensitivity, profitability, and reliability [16]. As a result,
it was shown that the presented model was 84% accurate in predicting quality. Another
example was [17], in which customer decisions were supported by predicting changes in
their decisions based on the quality and price of the product. Specifications dependent
on customer choice (importance, focus, and relative thinking) and the decoy effect were
compared, and it was determined that the decoy effect was similarly important to the price
and quality of the product. The authors of [18] showed that decisions about predicting
the time of designing a new product were supported, depending on the complexity of the
product and the prototypes produced. However, these studies did not include environ-
mental aspects. In this context, for example, the prediction of primary reaction networks
of various components of agricultural waste was supported. The used components were
elements for the production of biofuels [19]. It was possible to support the decision regard-
ing the prediction of the quality of biofuels being product-friendly for the environment. In
turn, in [20], the prediction of organization finance results based on product quality and
organization ecological strategy was supported. It was shown that the acceptance of a
green strategy maintains financial profitability by simultaneously concentrating on product
quality. In [21], decisions regarding the influence of quality of briquettes and lumps of
charcoal in creating potentially harmful emissions during barbecues were supported; for
this purpose, reflected light microscopy was used, and the obtained results could be used
to predict whether these products were harmful.

Nevertheless, product quality was not predicted to simultaneously achieve satisfactory
levels for the customer and be environmentally beneficial. The need for this analysis was
also mentioned by the authors of [22], in which the prediction of product quality in cold
stores by gas sensors was supported. However, in the aforementioned article, the authors
noted how important it is to realize studies in order to predict the negative impact of this
sensor on product quality.

It has been shown that the product quality level can be predicted [14–18]. In addition,
the impact of products on the natural environment can be predicted [19–22]. However,
a model that allows for the prediction of pro-quality decisions while simultaneously
considering qualitative and environmental aspects is lacking. In this context, pro-quality
decisions are predicted decisions that match customers’ expectations regarding product
quality level while being environmentally friendly. The lack of such a model is considered
a gap.

Hence, the purpose of this analysis was to develop a model to predict beneficial
pro-quality decisions from a design point, while also considering environmental aspects.
As part of the analysis, two hypotheses were assumed.

Hypothesis 1 (H1). It is possible to predict a product that is environmentally friendly and has a
quality level satisfactory for customers; this prediction is realized based on the positive correlations
of qualitative and environmental criteria.
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Hypothesis 2 (H2). It is possible to support a choice of the best product based on qualitative and
environmental criteria by connecting survey research, the FAHP method, the FTOPSIS method,
and the correlational technique.

In order to verify assumed hypotheses, the model was subjected to non-destructive
testing (NDT) with popularly applied, harmful fluorescent penetrants.

2. Model

A model for predicting pro-quality decisions while considering qualitative-
environmental aspects in two phases was developed. The first phase of the model is
defining the quality and environmental criteria of the product expected by the customers.
In this phase, key product criteria, i.e., criteria that have an impact on product quality level
and the natural environment, are verified. The results of the first phase of the model are
positive correlations of qualitative and environmental criteria, i.e., criteria that allow for
the achievement of satisfactory product quality while being environmentally friendly. This
ensures that many product criteria are initially reduced to criteria that are favorable to
both quality and the environment. Thus, product selection can be properly thought out,
more precise, satisfying for customers, and made with consideration for the environment.
The second phase of the model consists of verifying the products in terms of positive
correlations of qualitative and environmental criteria.

In the model, multiple-criteria decision-making methods (MCDMs) are implemented.
These are frequently used and combined methods, i.e., fuzzy analytic hierarchy process
(FAHP) [23,24] and fuzzy technique for order of preference by similarity to ideal solution
(FTOPSIS) [25]. A graphical justification of the choice of these methods is shown in
Figure 1.
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These methods were integrated into the model because they are preferred for making
multiple-criteria decisions [8,26–28]. The effectiveness of combining these methods for
decision support has been previously confirmed [8,29–31]. The FAHP method was used
to determine the importance and satisfaction of product criteria. The reason for using the
FAHP method was to reduce inconsistencies and imprecision when determining customers’
expectations, which could be done with a fuzzy Saaty scale [32]. Additionally, the FAHP
method is an uncomplicated and effective technique to solve multiple decision problems.
This method successfully copes with fuzzy and uncertainty, therefore supporting making
decisions with many criteria of varying importance. In the FAHP method, it is possible
to verify any kind of criteria, e.g., objective, subjective, quantitative, or qualitative. Ad-
ditionally, fuzzy decisions in the FAHP are sufficient for prediction. By using the FAHP
method, it is possible to precisely determine the weights and qualities of criteria and then
to order them in a single ranking. Additionally, the FAHP method allows for accuracy in
the results of small sample sizes, including 5–9 customers and (in extreme cases) even one
client [8,29–31]. Additionally, this method seemed to be the most advantageous, because
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it is effective in connection with the FTOPSIS method. In turn, the choice of the FTOPSIS
method resulted from the analysis of different criteria states (i.e., benefit and cost criteria
sufficiency, as in the FTOPSIS method). Therefore, the FTOPSIS method was used to predict
quality level values resulting from the positive correlations of qualitatively–environmental
criteria. This method predicts the ranking (order) of product attribute state changes, which
are favorable in terms of quality while simultaneously considering the environment. The
FTOPSIS method was also chosen because it was assumed that customers’ expectations
are acquired based on possible criteria modifications, and the FTOPSIS method allows for
the determination of product quality in terms of benefits (more is better) and costs (less is
better) [25,27,28].

In the proposed model, it is important to distinguish between multi-criteria continuous
and discrete problems. In the case of a multi-criteria continuous problem, a feasible set
is defined by a set of constraints. This means that there is an infinite number of decision
alternatives. However, in practical scenarios, this set is finite, whereas in multi-criteria
discrete problems (as with the presented model), the feasible set is explicitly defined. In
discrete problems, there is a finite set of decision variants and a finite set of criteria. On
their basis, a decision is made.

The model was developed in nine main stages (Figures 2 and 3).
The characteristics of the model are discussed next.
Stage 1. Selecting Subject of Analysis
The selection of the subject of analysis is unrestricted. For example, it can be a popular

product with a negative impact on the natural environment [33–35]. The choice of product
can be made by considering sales trends and product life phase, among other factors.

Stage 2. Determining the Purpose of Analysis
The aim should be to predict pro-quality product selection while considering care for

the environment, so the selection of a product that is favorable in terms of both quality and
the environment should be based on positive correlations of qualitative and environmental
criteria, i.e., the expected quality criterion state that allows one to achieve the expected
environment criterion state (reduction of the negative impact on environment). For this
purpose, one can use the SMART method (Specific, Measurable, Achievable, Relevant, and
Time-bound) [33].

Stage 3. Selection of Criteria
The criteria should refer to the product that is selected in the second stage of the

model. Two groups of criteria should be determined. The first group is qualitative criteria,
which characterize the product in terms of its user’s characteristics. The second group is
environmental criteria, which refer to the product’s impact on the natural environment. The
number of qualitative and environmental criteria is unrestricted. According to the authors
of [33,36–38], it is beneficial to select a total of approximately 14–25 criteria (attributes).
According to [34,36], the fewer criteria, the better. The choice of criteria can be done during
brainstorming (BM) and using product catalogues [39].

Stage 4. Determination of Criteria States
At this stage, the product criteria states should be determined. The initial purpose of

this is to determine the expected product criteria (qualitative and environmental). It consists
of determining current and modified states for all criteria selected in the third stage. One
current state and at least one modified state must be specified for each criterion. According
to [7], the total number of current and modified state values for one criterion must be
a maximum of 7 ± 2. A current state is a criterion state that actually characterizes the
product. A modified (future) state is a criterion state that could be characterize the product.
The states should be determined by description, visualization [40], parameters (values), or
ranges of values. To determine states of product criteria, one can use a product catalogue
(specification). It is recommended to use BM or include the enterprises’ production capacity,
the results of previous improvement actions, historical data, or customer feedback on the
product [41].

Stage 5. Acquisition of Customers’ Expectations
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Figure 3. Model supporting pro-quality decisions while considering environmental aspects—part 2. Own study.

At this stage, it is necessary to acquire customers’ expectations regarding the im-
portance of product criteria (from the third stage) and satisfaction with the states of
these criteria (from the fourth stage). Customers’ expectations are processed in the next
stages of the model. Customers’ expectations can acquired by popularly used survey
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research [1,42–44]. In the survey, the Saaty scale (from 1 to 9) [45–47] is used, and it is
converted to the fuzzy Saaty scale (triangular fuzzy number) in the next stages of the model.
We chose the Saaty scale because of its effectiveness in reducing uncertain and imprecise
customer expectations. Fuzzy numbers are implemented as part of fuzzy set theory and
consist of a set of real numbers with a convex and continuous membership function of
bounded support. Fuzzy numbers can be applied to precisely represent the linguistic scale
while considering the uncertainty of customer decisions. An advantage of survey research
with a fuzzy Saaty scale is the proven effectiveness of research conducted among a relatively
small number of customers [48–52]. According to [51–53], precise results can be achieved
even in groups comprising just 5–9 experts. It was shown that the research sample does not
have to be statistically representative, and for testing, it is enough to obtain expectations
from just one customer [49,50]. A description of the ten-stage Saaty scale is shown in
Table 1.

Table 1. Ten-stage Saaty scale. Own study based on [32].

Linguistic Value Saaty Scale (aij) Triangular Fuzzy Number (
~
aij)

Extreme importance 9 7.9.9
Very strongly demonstrated

importance 7 5.7.9

Strong importance 5 3.5.7
Moderate importance 3 1.3.5

Equal importance 1 1.2.3

The survey should be allowed to compare all criteria in pairs. As the fuzzy Saaty scale
is not popular and could be tough for customers to understand, it is preferred to use the
traditional, ten-stage Saaty scale in the survey. However, to reduce the uncertainty and
imprecision of assessments in the next stages of the model, these assessments are translated
to a fuzzy Saaty scale (triangular fuzzy numbers). An example of a survey for four criteria
is shown in Figure 4.
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The survey should be developed in five main phases:

• Phase 1: Assessment of the importance relationship of any kind of criterion. The first
stage of the survey comprises the assessment of the relationship between a product’s
quality and impact on the natural environment. This requires the determination of
which criterion is more important for the customer, i.e., product quality or environ-
mental impact. Results from this phase of the survey are processed in the sixth stage
of the model.

• Phase 2: Assessment of the relationship between qualitative criteria. The second phase
of the survey comprises the assessment of the relationship between qualitative criteria
(determined in the third stage of the model). This requires the determination of which
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criterion is more important to the customer in terms of expected product quality. The
importance of qualitative criteria is significance (weight) for customers of the given
criterion. Results from this phase of the survey re processed in the sixth stage of
the model.

• Phase 3: Assessment of the importance relationship of environmental criteria. The
third phase of the survey comprises the assessment of the importance of relationship
between environmental criteria (determined in the third stage of the model). This
requires the determination of which environmental criterion is more important to the
customer. The importance of the environmental criterion is significant (weight) for
customers due to its potentially negative environmental impacts. Results from this
phase of the survey are processed in the sixth stage of the model.

• Phase 4: Assessment of satisfaction with qualitative criterion states. The fourth phase
of the survey comprises the assessment of the satisfaction of the qualitative criterion
states (determined in the fourth stage of the model). With the help of these assessments,
it is possible to determine the direction of product change so that it meets customer
expectations in terms of quality. Results from this phase of the survey are processed in
the seventh stage of the model.

• Phase 5: Assessment of the satisfaction of the environmental criterion states. The fifth
phase of the survey comprises the assessment of the satisfaction of environmental
criterion states (determined in the fourth stage of the model). With the help of these
assessments, it is possible to determine the direction of product change so that it
meets customer expectations in terms of the environment. This requires assessments
of environmental criteria states in terms of their negative impact on the natural
environment. Results from this phase of the survey are processed in the seventh stage
of the model.

Stage 6. Determining the Product Criteria Weights
This stage relies on determining the weights (importance) of product criteria and their

rankings. The FAHP method is used to calculate these weights. The weights of qualitative
and environmental criteria are separately determined. The product criteria weights are
determined based on assessments of criteria weights obtained from customers (phases
I, II, and III of the survey). If expectations were met with the traditional Saaty scale, it
is necessary to convert these results for the fuzzy Saaty scale according to Table 1. It is
recommended to use Excel with the Vertical Search function for this. Then, it is possible to
realize the six main steps of the model.

Step 6.1. Development of a Fuzzy Matrix of Pairwise Comparisons
It is necessary to develop a fuzzy matrix of pairwise comparisons Ã =

[
ãij
]

to clarify
ambiguities arising from the product criterion weight relationship assessments. To do
so, triangular fuzzy numbers in a pairwise comparison matrix, i.e., A = [aij] (1), must be
considered [8,23,26]:

A =
[
aij
]
=


1 a12 · · · a1n
1

a21
1 · · · a2n

...
1

a1n

...
1

a2n

. . .
· · ·

...
1

, where Ã =
[
ãij
]
;

ãij =


(1, 1, 1) if i = j(

aijl, aijm, aiju

)
if j > i(

1
aiju

, 1
aijm

, 1
aijl

)
if j < i

(1)

There are always values equal to 1 on the diagonal and their reciprocal values under
the diagonal [55]. After developing a fuzzy matrix of pairwise comparisons, it is necessary
to create a combined fuzzy matrix.

Step 6.2. Creation of Combined Fuzzy Matrix
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The criteria importance relationship values are compiled in a combined fuzzy matrix,
which is a single decision fuzzy matrix. According to [8,26], this matrix can be created via
Formula (2):

ÃE
IJ =

(
lEij , mE

ij , uE
ij

)
(2)

where lEij = Min
{

lTij
}
∀T ∈ E is the minimum value on the left end,

mE
ij =

{
mT

ij

} 1
n ∀T, ∈ E

is the geometric mean of the median of all triangular fuzzy numbers. Additionally,

uE
ij = Max

{
uT

ij

}
∀T ∈ E

is the minimum value on the right end, where ÃE
IJ is the value obtained after multiple

comparisons of the opinions of experts in relation to the ith assessing element and the jth
assessing element, and T is the Tth expert.

Then, it is necessary to calculate the relative fuzzy values of criteria weights.
Step 6.3. Calculation of Relative Fuzzy Values of Criteria Weights
The relative fuzzy values of criteria weights are calculated by normalizing the average

values in a row. Following [8,23,26,55], the fuzzy weight values from the combined fuzzy
matrix can be calculated with Formula (3):

Wi =

(
∏n

j=1 aij

) 1
n

∑n
i=1

(
∏n

j=1 aij

) 1
n

, (3)

where i, j = 1 ~ n,a_ij is the triangular fuzzy number located at row i, j is a column in the
pariwise comparison matrix, and Wi is the fuzzy weight of row i.

Next,

Step 1 : Zi =
[
∏n

j=1 ãij

] 1
n , ∀i

Step 2 : Wi =

(
∏n

j=1 ãij

) 1
n

∑n
i=1

(
∏n

j=1 ãij

) 1
n
= Zi (Zi ⊕ . . .⊕ Zn)

−1.

In this step, the sum of values for each row in the fuzzy combined matrix Ã =
[
ãij
]

is calculated. The values of the sum are normalized as part of the calculation of fuzzy
numbers. Then, the least degree of possibility is calculated in the next stage.

Step 6.4. Calculation of Least Degree of Possibility
In order to calculate the least degree of possibility, it is necessary to assume that fuzzy

number W̃i is greater than or equal to fuzzy number W̃j using Formula (4) [8,23,26,56]:

V
(

W̃i ≥ W̃j

)
= µW̃i

(d) =


1, for mij ≥ mji
0, for lji ≥ uij

(lji−uij)
(mij−uij)−(mji−lji)

for others.
(4)

where W̃i =
(
lij, mij, uij

)
and W̃j =

(
lji, mji, uji

)
are two fuzzy numbers. In turn, µW̃i

(d) is

the degree of belonging d to W̃i as shown in Figure 5.
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on [4,8].

Then, in order to determine the least degree of possibility, i.e., V
(

W̃i ≥ W̃j

)
, of fuzzy

number W̃i in reference to the other (n− 1) fuzzy numbers, one can use
Formula (5) [4,8,23,26,56]:

V
(

W̃i ≥ W̃j

∣∣∣j = 1, . . . , n; i 6= j
)
= min

j ∈ (1, . . . , n)
j 6= i

V
(

W̃i ≥ W̃j

)
= µ W̃i

(d) = µ W̃j
(d); i = 1, 2, . . . , n (5)

Step 6.5. Calculation of the Weight Vector and Normalized Non-Fuzzy Weight Vector
The weight vector W′ is determined by all least degrees of possibility (n), which

were determined in step 6.4. Following [4,8], the weight vector can be calculated with
Formula (6):

W′ =
(

min1V
(

W̃i ≥ W̃j

)
, . . . , minnV

(
W̃i ≥ W̃j

))
(6)

The normalized non-fuzzy weight vector W′N is calculated with Formula (7) [4,8]:

W′N =

(
µ W̃i

(d)

∑ minV , ...
... ,

µ W̃n
(d)

∑ minV

)T
=
(
wj, . . . , wn

)
, where i = 1, 2, . . . n; j = 1, 2, . . . , n (7)

The sum of the least degrees of possibility is calculated with Formula (8) [4,8]:

∑ minV = min1V
(

W̃i ≥ W̃j

)
+ . . . + minnV

(
W̃i ≥ W̃j

)
(8)

After that, it is possible to create a ranking of criteria importance.
Step 6.6. Creating the Ranking of Criteria Importance
The ranking of criteria importance (weights) is created based on the normalized non-

fuzzy weight vector values. The maximum value is the maximum weight, and it is the
most important criterion. The minimum value is the minimum weight, and it is the least
important criterion.

After this step, three separate rankings of criteria importance are obtained. The
first ranking determines which criterion, i.e., product’s quality impact on the natural
environment, is more important for the customer. The second ranking is a ranking of
weights (importance) of qualitative criteria. The third ranking is a ranking of weights
(importance) of environmental criteria.

Stage 7. Determining Satisfaction with Criterion State
The aim of this stage is to determine satisfaction with criteria states. It is necessary to

separately determine satisfaction with qualitative and environmental criteria. The purpose
of this stage is to identify so-called benefit and cost criteria. It is necessary for the next
stages of the proposed model, e.g., while using the FTOPSIS method. For benefit criteria,
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more is better. For cost criteria, less is better [4,9,25,27]. Satisfaction with criterion state is
determined by applying the FAHP method to the survey results (fifth stage of the model).

Step 7.1. Development of a Fuzzy Matrix of Pairwise Comparisons
The development of a fuzzy matrix of pairwise comparisons Ã =

[
ãij
]

clarifies
ambiguities arising from product criteria state assessments. This clarification can be
accomplished by noting triangular fuzzy numbers in a fuzzy matrix of pairwise comparison,
as shown in Formula (1) from step 6.1.

Step 7.2. Creation of Combined Fuzzy Matrix
The combined fuzzy matrix is created by applying Formula (2) to the assessments of

satisfaction with product criteria states from step 6.2.
Step 7.3. Calculation of Relative Fuzzy Values of Criteria Weights
The relative fuzzy values of criteria weights are calculated via the normalization of

the average value in a row. For this purpose, Formula (3) is used (from step 6.3).
Step 7.4. Calculation of Least Degree of Possibility
In order to calculate the least degree of possibility, it is necessary to use Formula (4)

and assume that fuzzy number W̃i is greater than or equal to fuzzy number W̃j, as shown
in step 6.4. Then, Formula (5) (from step 6.4) can be used to determine the least degree of
possibility of V

(
W̃i ≥ W̃j

)
of fuzzy number W̃i against other fuzzy numbers (n− 1).

Step 7.5. Calculation of Weight Vector and Normalized Non-Fuzzy Weight Vector
The weight vector W′ and normalized non-fuzzy weight vector W′N of product criteria

states can be determined with Formulas (6)–(8), as shown in step 6.5.
Step 7.6. Determining the Satisfaction with Product Criteria States
In this step, the criteria and their states should be compiled into a single table. Each

state should be described by a normalized, non-fuzzy weight vector value. In this step, the
benefit and cost criteria, i.e., sufficient criteria for the FTOPSIS methodology, are determined.
The maximum and minimum values of the state of a given criterion are the most and least
favorable states, respectively. All criteria should only be described by satisfactory states, i.e.,
states that are most favorable for customers. Subsequently, when verifying the condition of
a criterion, which criteria are benefit and cost should be determined. The benefit criterion
is the criterion that is the most satisfactory (according to the principle, the more the better)
and has the largest state. The cost criterion is the criterion that is the most satisfactory
(according to the principle, the less the better) and has the smallest state. Determining
satisfaction with product criteria states is used in the next stages of the proposed model.

Stage 8. Determining the Positive Correlations of Qualitative and Environmental Criteria
Next is determining the positive correlations between qualitative and environmental

criteria. This requires the determination of whether the satisfactory state of a qualitative
criterion will have a positive correlation with the satisfactory state of an environmental
criterion. This ensures the definition of criteria that should be followed by the customer in
the pro-quality selection of products while considering qualitative–environmental aspects.
The positive correlations of qualitative and environmental criteria allow for the achievement
of satisfactory product quality levels while being environmentally friendly.

In one pairwise comparison matrix, both quality and environmental criteria should
be considered. These criteria should only be described by the most favorable states
(i.e., states determined by the maximum values from step 7.6). The most satisfactory
states refer to an increase in the level of product quality while reducing the negative im-
pacts on the environment. The correlation of qualitative and environmental criteria is
determined by an expert on a scale from −2 to 2, where −2 is a strong negative correlation,
−1 is a negative correlation, 0 is an imperceptible correlation, 1 is a positive correlation,
and 2 is a strong positive correlation. A negative or strong negative correlation is granted
for pair of criteria in which it is not possible to simultaneously achieve the expected quality
level without a destructive impact on the natural environment (and vice versa). A positive
or strong positive correlation is granted for a pair of criteria in which it is possible to
simultaneously achieve the expected quality level without a destructive impact on the
natural environment (and vice versa). After determining criteria correlation, it is necessary
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to predict the product quality level while considering environmental aspects, as shown in
the next stage of the proposed model.

Stage 9. Predicting product quality level considering environmental aspects
This stage comprises the prediction of quality level values resulting from strong or

positive correlations of qualitative–environmental criteria (determined in the eighth stage
of the model). This requires the prediction of the ranking (order) of product quality levels
while simultaneously considering the environment. The prediction of quality level while
considering environmental aspects is supported by the FTOPSIS method. This stage is
comprises ten main steps.

Step 9.1. Determining the Way of Prediction
It is necessary to assume that this process predicts product quality level values result-

ing from positive correlations of qualitative and environmental criteria. This requires the
prediction of ranking products, the values of which indicate pro-quality product selection
while considering the environment.

Step 9.2. Selection of Products
Products should be selected in reference to the subject of analysis (determined in the

second stage of the model). The number of products, which could be those that the model
user is currently using or considering to use, is unlimited.

Step 9.3. Creation of Decision Matrix
The creation of decision matrix Mij. is intended to collect and process data, and it is

written according to the following assumptions:

• All strong positive qualitative and environmental criteria correlations (determined
in the eighth stage of the model) are included; if there is a lack of strong positive
correlations, it is only necessary to include positive correlations.

• The benefit and cost types of criteria (determined in the seventh stage of the model)
are included.

• The weights of criteria (calculated in the third stage of the model) are included.
• The names of all products selected in step 9.2 are included.

After creating and filling out the decision matrix, it is necessary to evaluate the products.
Step 9.4. Evaluation of Products
The evaluation of products is done with the decision matrix Mij prepared in step 9.3.

All products are assessed against all strongly positively correlated or positively correlated
qualitative and environmental criteria (defined in the eighth stage of the model). The
products are assessed with the fuzzy Saaty scale (as shown in Table 1) by an entity using
the proposed model or by a team collected of T members. The fuzzy assessment of Tth
expert for product Ai and criterion Cj is calculated with Formula (9) [48]:

x̃k
ij =

(
ak

ij, bk
ij, ck

ij

)
(9)

The assessments of products should be compiled in a combined, single decision matrix
(Mc

ij). According to the authors of [8,26], this matrix can be created with Formula (10):

x̃k
ij =

(
ak

ij, bk
ij, ck

ij

)
(10)

where ak
ij = Min

{
ak

ij

}
∀T ∈ k is the minimum value on the left end,

bk
ij =

{
bk

ij

} 1
n ∀T ∈ k

is the geometric mean of the median of all triangular fuzzy numbers, and

ck
ij = Max

{
ck

ij

}
∀T ∈ k
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k is the minimum value on the right end,
where x̃k

ij is the value obtained after multiple comparisons of the opinions of experts
in relation to the ith assessing element and the jth assessing element; T is the Tth expert.

Then, the normalized fuzzy decision matrix is created.
Step 9.5. Creating the Normalized Fuzzy Decision Matrix
The normalized fuzzy decision matrix M̃

c
ij =

[
m̃c

ij

]
is created based on the combined

decision matrix (Mc
ij) developed in step 9.4. In this step, it is necessary to develop a matrix

that considers both the benefit and cost types of criteria (determined in step 7.3). For this
purpose, Formulas (11) and (12) can be used [29–31,48]:

m̃c
ij =

(
aij
c∗j

,
bij
c∗j

,
cij
c∗j

)
and c∗j = max

i

{
cij
}

for benefit criteria (11)

m̃c
ij =

(
a−j
cij

,
a−j
bij

,
a−j
aij

)
and c−j = min

i

{
aij
}

for cost criteria (12)

where a, b, and c are fuzzy numbers; i is a criterion denoted as 1, 2, 3, . . . n; and j is a
product denoted as j—1, 2, 3, . . . , n.

Step 9.6. Developing the Weighted Normalized Fuzzy Decision Matrix
The weighted normalized fuzzy decision matrix M̃

w
ij =

[
m̃w

ij

]
is created based on the

normalized fuzzy decision matrix M̃
c
ij developed in step 9.5. At this stage, it is necessary to

include the weights of the criteria (calculated in the third stage of the model). According
to [27,28,30,31], one can use Formula (13):

m̃w
ij = m̃c

ij × w̃ij (13)

where m̃c represents the values of normalized fuzzy decision matrix, w̃ represents the
fuzzy value of criterion weight, i represents a criterion, j represents a product, and i and j
can be denoted as 1, 2, 3, . . . , n.

Step 9.7. Calculating Fuzzy Positive Ideal Solution (FPIS) and Fuzzy Negative Ideal
Solution (FNIS)

At this stage, the fuzzy positive ideal solution (FPIS, A*) and fuzzy negative ideal
solution (FNIS, A−) are calculated. For this purpose, Formulas (14) and (15) are used [48]:

A∗ = (m̃w
1
∗, m̃w

2
∗, . . . , m̃w

n
∗) where m̃w

j
∗ = max

i

{
mij3

}
(14)

A− = (m̃w
1
−, m̃w

2
−, . . . , m̃w

n
−) where m̃w

j
− = min

i

{
mij1

}
(15)

where m̃w
n
∗ and m̃w

n
− are the values of the weighted normalized fuzzy decision matrix,

mij3 is the third value of the fuzzy number, and mij1 is the first value of fuzzy number.
Hence, it is necessary to calculate the distance between solutions.
Step 9.8. Calculating the Distance between Solutions
Following [29–31], it was assumed that the distance between solutions could be

calculated with Formulas (16)–(18):

(x̃, ỹ) =

√
1
3
[(a1 − a2)

2 + (b1 − b2)
2 + (c1 − c2)

2] (16)

d∗i =
n

∑
j=1

d
(

m̃w
ij , m̃w

j
∗
)

(17)

d−i =
n

∑
j=1

d
(

m̃w
ij , m̃w

j
−
)

(18)
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where a, b, and c are fuzzy numbers, and m̃w
n
∗, m̃w

n
−, m̃w

ij are values of the weighted
normalized fuzzy decision matrix.

Next, it is possible to calculate the proximity factor.
Step 9.9. Calculating the Proximity Factor
The proximity factor CCi is calculated based on the distance between solutions (calcu-

lated in step 9.8.) with Formula (13) [27–31,48]:

CCi =
d−i

d−i + d∗i
(19)

where d∗i and d−i are the values of the distance between solutions and i comprises 1, 2, 3,
. . . , n.

Next, it is necessary to create a ranking.
Step 9.10. The Ranking of Pro-Quality Decisions Considering Environmental Aspects
In this step, it is necessary to create the ranking of pro-quality decisions while consid-

ering environmental aspects. The ranking is created based on proximity factor CCi values
calculated in step 9.9. The values should be ordered from maximum to minimum. The
maximum value of the proximity factor is the first position in the ranking, i.e., the most
favorable product. The last position in the ranking is the least favorable product. Based on
ranking, it is possible to make a pro-quality choice regarding a product while considering
environmental aspects, that is, a product that will be satisfactorily beneficial in terms of
quality and environmental friendliness. Based on results, it is possible to predict which
product allows for the achievement of customer expectations regarding quality level and
environmental friendliness.

3. Test of the Model

The proposed model was verified as part of an initial, non-destructive test (NDT) of
fluorescent penetrants, which were chosen because they are appropriate for our subject
of analysis: a service-production enterprise localized in Poland. This enterprises uses
a large amount of penetrants, which negatively impact the environment. Hence, this
enterprise was looking for an instrument that would help to select a penetrant that was
environmentally friendly and had a satisfactory quality level.

For the test of the model, we made the following assumptions:

• There were unlimited potential types of products, e.g., products used or considered
for use.

• The number of products to verify was unlimited.
• The maximum total number of qualitative and environmental criteria (attributes) of

the product was 15 [33,34,36–38].
• Each criterion was described by a maximum of three states [7], which are descriptions

or ranges of values above and below the current state [40].
• Customers’ expectations were obtained by survey research [1,42–44] with the Saaty

scale (1–9) [45–47], where the total number of customers was from 5 to 9 [49,50].
• Weights of criteria were determined by the FAHP method based on the customers’

expectations obtained from survey phases I, II, and III.
• Satisfaction with criteria states was determined by the FAHP method based on the

customers’ expectations obtained from survey phases IV and V.
• The positive correlations of qualitative and environmental criteria were determined

with a pairwise comparison matrix on a scale from −2 to 2 (where −/+2 represents a
strong unfavorable/favorable correlation, −/+1 represents an unfavorable/favorable
correlation, and 0 represents no correlation).

• The prediction of quality level considering environmental aspects was supported by
the FTOPSIS method, and the following analysis included both strong positive and
negative correlations (grade 2); when there was a lack of correlations, it was necessary
to only include positive correlations (grade 1).
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The initial test of the model with these assumptions is presented next.

4. Results

In the first stage of the model, the subject of analysis was selected. The initial NDT
model test considered fluorescent penetrants. These products were chosen because of their
widespread use [10,57,58] and negative impact on the natural environment [55,59–61].

In the second stage of the model, the purpose was determined to be predicting the
pro-quality choice of products while considering potential impacts on the environment.

In the third stage of the model, the criteria of fluorescent penetrants were selected.
Seven qualitative criteria were selected:

• Sensitivity level, i.e., that which allows one to identify different defect sizes and thus
make it possible to reduce possibilities for incorrect acceptance or non-compatibility.

• Penetration time, i.e., the total time of product immersion in penetrant.
• Time of washing the product after penetration, i.e., the total time needed to precisely

clean the penetrant from the product; and after this time, the product can be used.
• Time of drying the product after penetration, i.e., the total time needed to precisely

dry the product; after this time, the product can be used.
• Time of waiting for the research results, i.e., the total time needed to collect results

from penetration testing; after this time, it is possible to accept or reject the product.
• Penetrant viscosity, which concerns the ability of the fluid to transfer momentum be-

tween layers moving at different speeds; this is one of the most important
penetrant attributes.

• Penetrant density, i.e., the ratio of the mass of a given amount of penetrant to the
volume of the product occupied by the penetrant.

Eight environmental criteria were used:

• Health, i.e., the degree which the penetrant affects human health, as health is the main
criterion included in NFPA and HMIS systems (0–4 scale, where 0 represents no threat
to human health and 4 represents a high human health risk with a small amount
of penetrant).

• Combustibility, i.e., the ability of penetrants to sustain fire (fluorescent penetrants have
a flash point not exceeding 93 ◦C), as combustibility is the main criterion included in
NFPA and HMIS systems (0–4 scale, where 0 represents a non-flammable penetrant
and 4 represents an immediately flammable penetrant).

• Reactivity, i.e., the ability to react with other chemical compounds under certain
conditions; this criterion is significant, especially in highly fluorescent penetrants, and
reactivity is the main criterion included in NFPA and HMIS systems (i.e., 0–4 scale,
where 0 represents a non-reactive penetrant and 4 represents a penetrant with the
capability for immediate reactivation).

• Petroleum (light hydrotreated), i.e., a liquid mineral composed of a mixture of natural
gaseous, liquid, and solid hydrocarbons, as well as slight admixtures of nitrogen,
oxygen, sulfur, and inorganic pollutants; in this case, it was lightly hydrotreated and
thus had density of less than 0.878 g/cm3.

• Refined oil, i.e., oil obtained via extraction with strong chemicals at high temperatures;
it enables the largest possible amount long-term storage.

• Petroleum (heavy aromatic), i.e., a liquid mineral that is composed of a mixture
of natural gaseous, liquid, and solid hydrocarbons, as well as slight admixtures of
nitrogen, oxygen, sulfur, and inorganic pollutants; in this case, it had a density above
0.884 g/cm3 and was aromatic.

• Boiling point, i.e., the temperature at which the pressure of the resulting vapor is equal
to the ambient pressure, which results in the vaporization of the entire volume of
the penetrant.

• Flash point, i.e., the minimum ignition temperature of the penetrant.
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These criteria were selected through BM after the verification of the catalogues (speci-
fication) of fluorescent penetrants and a literature review of the subject (which is shown
in [55]). The differences between criteria values resulted from their specifications and were
determined by experts from the NFPA (National Fire Protection Association) [62] or HMIS
(Hazardous Materials Identification System) as part of assessments of the harmfulness of
products [63].

In the fourth stage of the model, all fluorescent penetrant criteria (qualitative and
environmental) states were determined based on the catalogues of fluorescent penetrants
(Table 2).

Table 2. States of fluorescent penetrants in a group of qualitative and environmental states.

Group of Criteria Product Criterion State 1 State 2 State 3

Q
ua

lit
at

iv
e

Sensitivity level Low Average High
Penetration time >10 min <10 min

Time of washing the product after
penetration >15 min <15 min

Time of drying the product after penetration >10 min <10 min
Time of waiting for the research results >10 min <10 min

Penetrant viscosity >8.5 mm2 <8.5 mm2

Penetrant density >0.88 g/mL <0.88 g/mL

En
vi

ro
nm

en
ta

l

Health (by NFPA) >1 <1
Combustibility (by NFPA) >1 <1

Reactivity (by NFPA) >1 <1
Petroleum (light hydrotreated) >30–50% <30–50%

Refined oil >20–30% <20–30%
Petroleum (heavy aromatic) >1–10% <1–10%

Boiling point >231 ◦C <231 ◦C
Flash point >93.3 ◦C <93.3 ◦C

Next, in accordance with the fifth stage of the model, a survey with the Saaty scale
was developed to obtain customer’s expectations. The survey was developed in five main
phases (as is shown in the fifth step of the model). The sample was considered to be
representative in terms of the testing character of the proposed model, and its precision
when used with the FAHP method has been proven for small research samples, e.g., from 5
to 9 customers [49–53].

According to the sixth stage of the model, the customers’ expectations were processed
to determine the qualitative and environmental criteria weights. Firstly, all assessments in
the traditional Saaty scale were translated to a fuzzy Saaty scale. As shown in step 6.1, all
customers’ assessments were juxtaposed in a fuzzy matrix of pairwise comparisons. As
presented in step 6.2, fuzzy matrices of comparisons in pairs were sequentially combined
into one matrix to assess the weight of the qualitative criteria (results from the second
phase of the survey) and another matrix to assess the weight of the environmental criteria
(results from the third phase of the survey); see Tables 3 and 4, respectively.

Next, according to steps 6.3. and 6.4., the relative fuzzy values of criteria weights and
the least degrees of possibility were calculated (Table 5).
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Table 3. Combined matrix of qualitative criteria weights. Own study.

Qualitative Criteria Sensitivity
Level

Penetration
Time (min

Time of
Washing

the Product
after

Penetration
(min)

Time of
Drying the

Product
after

Penetration
(min)

Time of
Waiting for

the Research
Results
(min)

Penetrant
Viscosity

(mm2)

Penetrant
Density
(m/mL)

Sensitivity level 1.0; 1.0; 1.0 0.2; 4.6; 9.0 0.1; 3.9; 9.0 0.1; 3.5; 9.0 0.1; 3.6; 9.0 0.2; 4.9; 9.0 1.0; 5.4; 9.0
Penetration time (min) 0.1; 0.8; 5.0 1.0; 1.0; 1.0 0.1; 3.8; 9.0 1.0; 4.3; 9.0 0.1; 2.6; 9.0 0.1; 3.3; 9.0 0.1; 3.8; 9.0

Time of washing the product
after penetration (min) 0.1; 1.4; 7.0 0.1; 0.9; 7.0 1.0; 1.0; 1.0 0.1; 1.9; 7.0 0.1; 1.7; 9.0 0.1; 2.7; 9.0 0.1; 3.0; 9.0

Time of drying the product
after penetration (min) 0.1; 7.0; 9.0 0.1; 0.4; 1.0 0.1; 2.1; 9.0 1.0; 1.0; 1.0 0.1; 1.3; 7.0 0.1; 2.6; 9.0 0.1; 2.5; 9.0

time of waiting for the
research results (min) 0.1; 1.9; 7.0 0.1; 1.7; 9.0 0.1; 3.7; 9.0 0.1; 3.3; 9.0 1.0; 1.0; 1.0 0.1; 4.5; 9.0 0.1; 4.5; 9.0

Penetrant viscosity (mm2) 0.1; 0.6; 5.0 0.1; 1.2; 9.0 0.1; 2.0; 9.0 0.1; 1.7; 9.0 0.1; 0.8; 7.0 1.0; 1.0; 1.0 1.0; 2.6; 9.0
Penetrant density (g/mL) 0.1; 0.3; 1.0 0.1; 1.2; 9.0 0.1; 1.9; 9.0 0.1; 1.3; 7.0 0.1; 1.1; 9.0 0.1; 0.7; 1.0 1.0; 1.0; 1.0

Table 4. Combined matrix of environmental criteria weights. Own study.

Environmental Criteria Health
(by NFPA)

Combustibility
(by NFPA)

Reactivity
(by NFPA)

Petroleum
(Light Hy-
drotreated)

(%)

Refined
Oil (%)

Petroleum
(Heavy

Aromatic)
(%)

Boiling
Point (◦C)

Flash
Point (◦C)

Health (by NFPA) 1.0; 1.0; 1.0 3.0; 7.9; 9.0 3.0; 7.2; 9.0 3.0; 7.9; 9.0 0.1; 6.0; 9.0 3.0; 6.8; 9.0 1.0; 7.4; 9.0 0.1; 6.7; 7.0
Combustibility (by

NFPA) 0.1; 0.1; 0.3 1.0; 1.0; 1.0 0.1; 1.6; 9.0 0.1; 1.3; 7.0 0.1; 2.5; 9.0 0.1; 2.3; 9.0 0.2; 3.6; 9.0 0.2; 2.6; 5.0

Reactivity (by NFPA) 0.1; 0.1; 0.3 0.1; 1.9; 9.0 1.0; 1.0; 1.0 0.1; 1.8; 9.0 0.1; 2.3; 9.0 0.1; 0.1; 7.0 0.1; 1.9; 9.0 0.1; 2.7; 5.0
Petroleum (light

hydrotreated) (%) 0.1; 0.1; 0.3 0.1; 2.8; 9.0 0.1; 2.4; 9.0 1.0; 1.0; 1.0 0.1; 2.6; 9.0 0.1; 2.2; 9.0 0.1; 2.4; 9.0 0.1; 2.2; 7.0

Refined oil (%) 0.1; 9.0; 9.0 0.1; 2.1; 9.0 0.1; 2.2; 9.0 0.1; 1.6; 7.0 1.0; 1.0; 1.0 0.1; 1.0; 5.0 0.1; 2.2; 9.0 0.1; 3.0; 7.0
Petroleum (heavy

aromatic) (%) 0.1; 0.2; 0.3 0.1; 2.7; 9.0 0.1; 3.6; 9.0 0.1; 2.7; 9.0 0.2; 3.7; 9.0 1.0; 1.0; 1.0 0.1; 4.2; 9.0 0.1; 4.7; 7.0

Boiling point (◦C) 0.1; 0.1; 1.0 0.1; 0.8; 5.0 0.1; 2.1; 9.0 0.1; 3.0; 9.0 0.1; 3.0; 9.0 0.1; 1.4; 9.0 1.0; 1.0; 1.0 0.1; 1.7; 5.0
Flash point (◦C) 0.1; 0.7; 0.7 0.1; 1.1; 5.0 0.1; 1.5; 9.0 0.1; 1.7; 7.0 0.1; 1.9; 9.0 0.1; 1.1; 9.0 0.1; 1.5; 7.0 1.0; 1.0; 1.0

Table 5. Relative fuzzy values of weights of qualitative and environmental criteria. Own study.

Qualitative Criteria Fuzzy Geometric Mean Value Environmental Criteria Fuzzy Geometric Mean Value

Sensitivity level 0.26; 3.47; 6.58 Health (by NFPA) 1.03; 5.56; 6.63
Penetration time (min) 0.22; 2.39; 6.05 Combustibility (by NFPA) 0.17; 1.41; 4.08

Time of washing the product
after penetration (min) 0.15; 1.67; 5.90 Reactivity (by NFPA) 0.15; 1.24; 4.08

Time of drying the product
after penetration (min) 0.16; 1.41; 4.63 Petroleum (light

hydrotreated) 0.16; 1.51; 4.39

Time of waiting for the
research results (min) 0.15; 2.59; 6.34 Refined oil 0.15; 1.60; 5.97

Penetrant viscosity (mm2) 0.21; 1.27; 5.83 Petroleum (heavy aromatic) 0.16; 2.05; 4.39
Penetrant density (g/mL) 0.15; 0.93; 3.39 Boiling point 0.15; 1.22; 4.49

- - Flash point 0.15; 1.25; 5.78

Then, as shown in step 6.5, the weights of the normalized non-fuzzy vectors for
qualitative and environmental criteria were calculated. Based on these values, a ranking of
the importance (weights) of criteria was created (according to step 6.6). Results are shown
in Table 6 and Figures 6 and 7.
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Table 6. Ranking of importance (weights) of qualitative and environmental criteria. Own study.

Group Criteria Fuzzy Weights Normalization
Weights Ranking

Q
ua

lit
at

iv
e

Sensitivity level 0.01; 0.25; 4.98 0.17 1
Penetration time (min) 0.01; 0.17; 4.58 0.16 2

Time of washing the product after
penetration (min) 0.00; 0.12; 4.47 0.15 3

Time of drying the product after
penetration (min) 0.00; 0.10; 3.51 0.12 4

Time of waiting for the research
results (min) 0.00; 0.19; 4.81 0.16 2

Penetrant viscosity (mm2) 0.01; 0.09; 4.42 0.15 3
Penetrant density (g/mL) 0.00; 0.7; 2.57 0.09 5

En
vi

ro
nm

en
ta

l

Health (by NFPA) 0.03; 0.35; 3.13 0.18 1
Combustibility (by NFPA) 0.00; 0.09; 1.93 0.10 5

Reactivity (by NFPA) 0.00; 0.08; 1.93 0.10 5
Petroleum (light hydrotreated) (%) 0.00; 0.10; 2.08 0.11 4

Refined oil (%) 0.00; 0.10; 2.82 0.15 2
Petroleum (heavy aromatic) (%) 0.00; 0.13; 2.08 0.11 4

Boiling point (◦C) 0.00; 0.08; 2.12 0.11 4
Flash point (◦C) 0.00; 0.08; 2.74 0.14 3
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Figure 6. Ranking of qualitative criteria weights obtained with the FAHP method. Own study.

It was found that the most important qualitative criterion was the sensitivity level
of penetrants (0.17 weight—the first position in the ranking), followed by penetration
time and time of waiting for the research results (0.16 weight—the second position in the
ranking). The least important criterion was the density of the penetrant (0.09 weight—
the last position in the ranking). On the other hand, in the group of environmental
criteria, the most important criterion was health (0.18 weight—the first position in the
ranking), followed by refined oil (0.11 weight—the second position in the ranking) and
then combustibility and reactivity (0.10 weight).
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According to the seventh stage of the model, satisfaction with criterion state was
determined. The FAHP method was again used. At this stage, the analysis was based on
the survey results from survey phases IV and V. Initially, all assessments in the traditional
Saaty scale were translated to a fuzzy Saaty scale. As shown in step 7.1, all customers’
assessments were juxtaposed in a fuzzy matrix of pairwise comparisons. As presented
in step 7.2, fuzzy matrices of comparisons in pairs were sequentially combined into one
matrix of assessments of satisfaction with the qualitative criteria (results from survey phase
IV) and another combined matrix of assessments of satisfaction with environmental criteria
(results from survey phase V). A fragment of the developed matrices is shown in Table 7.

Table 7. Fragment of combined matrix for assessments of satisfaction with qualitative and environmental criteria.
Own study.

Qualitative Criteria Low Sensitivity Level Average
Sensitivity Level High Sensitivity Level Penetration Time

<10 min

Low sensitivity level 1.00; 1.00; 1.00 0.11; 0.14; 0.33 0.11; 0.11; 0.14 1.00; 1.00; 1.00
Average sensitivity level 3.00; 7.44; 9.00 1.00; 1.00; 1.00 0.11; 0.13; 0.33 1.00; 1.00; 1.00

High sensitivity level 7.00; 9.00; 9.00 0.11; 7.13; 9.00 1.00; 1.00; 1.00 1.00; 1.00; 1.00
Penetration time > 10

min 1.00; 1.00; 1.00 1.00; 1.00; 1.00 1.00; 1.00; 1.00 0.11; 0.14; 0.33

Environmental criteria Health < 1
(by NFPA)

Combustibility < 1
(by NFPA)

Reactivity < 1
(by NFPA)

Petroleum (light
hydrotreated) < 30–50%

Health (by NFPA) 0.11; 2.09; 9.00 1.00; 1.00; 1.00 1.00; 1.00; 1.00 1.00; 1.00; 1.00
Combustibility (by

NFPA) 1.00; 1.00; 1.00 0.11; 0.68; 7.00 1.00; 1.00; 1.00 1.00; 1.00; 1.00

Reactivity (by NFPA) 1.00; 1.00; 1.00 1.00; 1.00; 1.00 0.11; 0.67; 7.00 1.00; 1.00; 1.00
Petroleum (light

hydrotreated) > 30–50% 1.00; 1.00; 1.00 1.00; 1.00; 1.00 1.00; 1.00; 1.00 0.11; 0.18; 1.00

Then, as shown in steps 7.3. and 7.4., the relative fuzzy values of satisfaction with
qualitative and environmental criteria states, as well as the least degree of possibility, were
calculated (Tables 8 and 9).
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Table 8. Relative fuzzy values of satisfaction with qualitative criteria. Own study.

Qualitative Criteria State 1
Fuzzy

Geometric
Mean Value

State 2
Fuzzy

Geometric
Mean Value

State 3
Fuzzy

Geometric
Mean Value

Sensitivity level Low 0.06; 0.07; 0.10 Average 0.09; 0.11; 0.16 High 0.10; 0.18; 0.23
Penetration time >10 min 0.08; 0.09; 0.12 <10 min 1.13; 1.25; 1.28

Time of washing the
product after
penetration

>15 min 0.08; 0.09; 0.12 <15 min 0.78; 1.23; 1.28

Time of drying the
product after
penetration

>10 min 0.08; 0.09; 0.12 <10 min 1.13; 1.25; 1.28

Time of waiting for the
research results >10 min 0.08; 0.12; 0.18 <10 min 0.78; 1.22; 1.28

Penetrant viscosity >8.5 mm2 0.08; 0.12; 0.18 <8.5 mm2 0.78; 1.19; 1.28
Penetrant density >0.88 g/mL 0.08; 0.12; 0.18 <0.88 g/mL 0.78; 1.16; 1.28

Table 9. Relative fuzzy values of satisfaction with environmental criteria. Own study.

Environmental
Criteria State 1 Fuzzy Geometric

Mean Value State 2 Fuzzy Geometric
Mean Value

Health (by NFPA) >1 0.76; 1.10; 1.32 <1 0.76; 1.28; 1.32
Combustibility (by

NFPA) >1 0.76; 0.95; 1.28 <1 0.78; 1.27; 1.32

Reactivity (by NFPA) >1 0.76; 0.95; 1.28 <1 0.78; 1.28; 1.32
Petroleum (light

hydrotreated) >30–50% 0.76; 0.80; 1.00 <30–50% 1.00; 1.26; 1.32

refined oil >20–30% 0.76; 0.80; 1.00 <20–30% 1.00; 1.26; 1.32
Petroleum (heavy

aromatic) >1–10% 0.76; 0.80; 1.00 <1–10% 1.00; 1.28; 1.32

Boiling point >231 ◦C 0.76; 0.81; 1.00 <231 ◦C 1.00; 1.26; 1.32
Flash point >93.3 ◦C 0.76; 0.96; 1.15 <93.3 ◦C 0.78; 1.25; 1.32

Next, as shown in step 7.5, the weight vector and normalized non-fuzzy weight vector
for qualitative and environmental criteria were calculated. According to step 7.6, the
satisfaction with qualitative and environmental product criteria states were determined.
Results are shown in Tables 10 and 11, Figures 8 and 9.

Table 10. Satisfaction with product qualitative criteria states. Own study.

Qualitative Criteria State 1 Satisfaction State 2 Satisfaction State 3 Satisfaction

Sensitivity level Low 0.08 Average 0.12 High 0.16
Penetration time >10 min 0.09 <10 min 0.12

Time of washing the product after >15 min 0.09 <15 min 0.12
penetration >10 min 0.09 <10 min 0.12

Time of drying the
product after >10 min 0.12 <10 min 0.11

penetration >8.5 mm2 0.12 <8.5 mm2 0.11
Time of waiting for the

research results >0.88 g/mL 0.12 <0.88 g/mL 0.11
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Table 11. Satisfaction with product environmental criteria states. Own study.

Environmental Criteria State 1 Satisfaction State 2 Satisfaction

Health (by NFPA) >1 0.12 <1 0.14
Combustibility (by NFPA) >1 0.12 <1 0.14

Reactivity (by NFPA) >1 0.12 <1 0.14
Petroleum (light hydrotreated) >30–50% 0.11 <30–50% 0.13

Refined oil >20–30% 0.11 <20–30% 0.13
Petroleum (heavy aromatic) >1–10% 0.11 <1–10% 0.13

Boiling point >231 ◦C 0.11 <231 ◦C 0.13
Flash point >93.3 ◦C 0.11 <93.3 ◦C 0.13
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Figure 9. Ranking of satisfaction with environmental criteria states obtained by using the FAHP method. Own study.

After analysis supported by the FAHP method, it was shown that customers were
satisfied with a high penetrant sensitivity level (benefit criteria—more is better). For the
following criteria, greater satisfaction was demonstrated for shorter times: penetration,
washing, and drying, i.e., cost criteria—less is better. It was expected that the time of waiting
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for the research results would be longer (benefit criterion—more is better). Additionally,
there was more satisfaction with bigger density and viscosity values (benefit criteria—more
is better). For environmental criteria, satisfaction was shown when the product had an
NFPA value below 1 for health, reactivity, and combustibility (cost criteria—more is better).
The customer was also determined to have greater satisfaction with a product when it
had lower petroleum content (light hydrotreated), refined oil, petroleum (heavy aromatic),
boiling point, and flash point values (cost criteria—less is better).

Then, as is shown in the eighth stage of the model, the positive correlations of qualita-
tive and environmental criteria were determined. At this stage, only satisfactory states of
criteria were included. The results are shown in Table 12.

Table 12. Positive correlations of qualitative and environmental criteria. Own study.

Environmental
Criteria

Health
(by NFPA)

Combustibility
(by NFPA)

Reactivity
(by NFPA)

Petroleum
(Light Hy-
drotreated)

Refined Oil
Petroleum

(Heavy
Aromatic)

Boiling
Point Flash Point

Qualitative
criteria State <1 <1 <1 <30–50% <20–30% <1–10% <231 ◦C <93.3 ◦C

Sensitivity
level High 1

Penetration
time <10 min −2 1 1 1 −1 −1

Time of
washing the
product after

<15 min −1 2 2 2

penetration <10 min 2 −1 −1 1 1
Time of

drying the
product after

>10 min 1 −1 −1 −1

penetration >8.5 mm2 1 1 1 1 1
Time of

waiting for
the research

results

>0.88 g/mL 1 1 1 1 1

We found four strong positive correlations of qualitative and environmental criteria,
i.e., time of drying the product after penetration and combustibility, time of washing the
product after penetration and petroleum (light hydrotreated), refined oil, and petroleum
(heavy aromatic). Based on these correlations, the ninth stage of the model, in which we
used the FTOPSIS method to predict product quality levels while considering environmen-
tal aspects.

For step 9.1, we determined our method to predict product quality values through the
use of positively correlated qualitative and environmental criteria.

According to step 9.2, we selected the products to be verified through non-destructive
testing. We selected the following five fluorescent penetrants for the analysis: HM-406
(Sherwin Incorporated), ZL-2C (Magnaflux), FP-922 (Met-L-Chek), NM-403 (Sherwin
Incorporated), and ZL27A (Magnaflux). These penetrants were generally characterized by
their accompanying safety data sheets. Based on the needs of analysis, the penetrants were
marked at random as P1–P5.

According to steps 9.3 and 9.4, the products were evaluated in terms of strong positive
correlations of qualitative and environmental criteria in a decision matrix; the results are
shown in Table 13.

Next, according to step 9.5, the normalized fuzzy decision matrix was create
(Table 14).
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Table 13. Combined matrix of product ratings in terms of strongly correlated qualitative and environmental criteria.
Own study.

Strongly Positive
Correlated Criteria

Time of
Drying the

Product after
Penetration

(min)

Combustibility
(by NFPA)

Time of
Washing the
Product after
Penetration

(min)

Petroleum
(Light

Hydrotreated)
(%)

Refined
Oil(%)

Petroleum
(Heavy

Aromatic)
(%)

Type of criterion Cost Cost Cost Cost Cost Cost
Fuzzy criterion weight 0.00; 0.10; 3.51 0.00; 0.09; 1.93 0.00; 0.12; 4.47 0.00; 0.10; 2.08 0.00; 0.10; 2.82 0.00; 0.13; 2.08

Pr
od

uc
t

P1 3.00; 5.00; 7.00 2.00; 1.00; 5.00 2.00; 2.00; 5.00 4.00; 3.00; 7.00 5.00; 4.00; 7.00 4.00; 4.00; 7.00
P2 1.00; 3.00; 5.00 3.00; 1.00; 5.00 2.00; 2.00; 5.00 4.00; 3.00; 5.00 5.00; 4.00; 9.00 4.00; 3.00; 7.00
P3 1.00; 3.00; 7.00 2.00; 2.00; 5.00 2.00; 1.00; 5.00 3.00; 1.00; 5.00 7.00; 5.00; 9.00 2.00; 1.00; 5.00
P4 3.50; 7.00; 2.00 2.00; 2.00; 5.00 3.00; 2.00; 5.00 3.00; 1.00; 5.00 3.00; 3.00; 7.00 2.00; 1.00; 3.00
P5 3.00; 4.00; 7.00 3.00; 2.00; 5.00 3.00; 2.00; 7.00 2.00; 2.00; 7.00 3.00; 2.00; 7.00 4.00; 3.00; 7.00

Table 14. Normalized fuzzy decision matrix for strongly positive correlated criteria. Own study.

Strongly Positive
Correlated Criteria

Time of
Drying the

Product after
Penetration

(min)

Combustibility
(by NFPA)

Time of
Washing the
Product after
Penetration

(min)

Petroleum
(Light

Hydrotreated)
(%)

Refined Oil
(%)

Petroleum
(Heavy

Aromatic) (%)

Type of criterion cost cost cost cost cost cost
Fuzzy criterion weight 0.00; 0.10; 3.51 0.00; 0.09; 1.93 0.00; 0.12; 4.47 0.00; 0.10; 2.08 0.00; 0.10; 2.82 0.00; 0.13; 2.08

Pr
od

uc
t P1 0.14; 0.20; 0.33 0.40; 2.00; 1.00 0.40; 1.00; 1.00 0.29; 0.67; 0.50 0.43; 0.75; 0.60 0.29; 0.50; 0.50

P2 0.20; 0.33; 1.00 4.00; 2.00; 0.67 0.40; 1.00; 1.00 0.40; 0.67; 0.50 0.33; 0.75; 0.60 0.29; 0.67; 0.50
P3 0.14; 0.33; 1.00 0.40; 1.00; 1.00 0.40; 2.00; 1.00 0.40; 2.00; 0.67 0.33; 0.60; 0.43 0.40; 2.00; 1.00
P4 0.14; 0.29; 0.33 0.40; 1.00; 1.00 0.40; 1.00; 0.67 0.40; 2.00; 0.67 0.43; 1.00; 1.00 0.67; 2.00; 1.00
P5 0.14; 0.25; 0.33 0.40; 1.00; 0.67 0.29; 1.00; 0.67 0.29; 1.00; 1.00 0.43; 1.50; 1.00 0.29; 0.67; 0.50

Then, as shown in step 9.6, the weighted normalized fuzzy decision matrix was
developed. Based on this matrix, as in step 9.7, the fuzzy positive ideal solution (FPIS) and
fuzzy negative ideal solution (FNIS) were calculated (Table 15).

Table 15. Weighted normalized fuzzy decision matrix for strongly correlated criteria. Own study.

Strongly Positive
Correlated Criteria

Time of
Drying the

Product after
Penetra-

tion(min)

Combustibility
(by NFPA)

Time of
Washing the
Product after
Penetration

(min)

Petroleum
(Light

Hydrotreated)
(%)

Refined Oil
(%)

Petroleum
(Heavy

Aromatic) (%)

Type of criterion Cost Cost Cost Cost Cost Cost
Fuzzy criterion weight 0.00; 0.10; 3.51 0.00; 0.09; 1.93 0.00; 0.12; 4.47 0.00; 0.10; 2.08 0.00; 0.10; 2.82 0.00; 0.13; 2.08

Pr
od

uc
t

P1 0.00; 0.02; 1.17 0.00; 0.18; 1.93 0.00; 0.12; 4.47 0.00; 0.07; 1.04 0.00; 0.08; 1.69 0.00; 0.07; 1.04
P2 0,00; 0.03; 3.51 0.00; 0.18; 1.29 0.00; 0.12; 4.47 0.00; 0.07; 10.4 0.00; 0.08; 1.69 0.00; 0.09; 1.04
P3 0.00; 0.03; 3.51 0.00; 0.09; 1.93 0.00; 0.24; 4.47 0.00; 0.20; 1.39 0.00; 0.06; 1.21 0.00; 0.26; 2.08
P4 0.00; 0.03; 1.17 0.00; 0.09; 1.93 0.00; 0.12; 2.98 0.00; 0.20; 1.39 0.00; 0.10; 2.82 0.00; 0.26; 2.08
P5 0.00; 0.03; 1.17 0.00; 0.09; 1.29 0.00; 0.12; 2.98 0.00; 0.10; 2.08 0.00; 0.15; 2.82 0.00; 0.09; 1.04

FPIS 0,00; 0.03; 3.51 0.00; 0.18; 1.93 0.00; 0.24; 4.47 0.00; 0.10; 2.08 0.00; 0.15; 2.82 0.00; 0.26; 2.08
FNIS 0.00; 0.02; 1.17 0.00; 0.09; 1.29 0.00; 0.12; 2.98 0.00; 0.07; 1.04 0.00; 0.06; 1.21 0.00; 0.07; 1.04

According to steps 9.8–9.10, the distance between solutions and proximity factors were
calculated. Then, the ranking of pro-quality decisions while considering environmental
aspects was created. Results are shown in Table 16 and Figure 10.
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Table 16. Results of pro-quality decisions while considering environmental aspects obtained by FTOPSIS. Own study.

Product d*
i d−i CCi Ranking

P1 3.28 1.51 0.32 5
P2 2.30 2.55 0.53 2
P3 1.39 3.41 0.71 1
P4 2.70 2.13 0.44 3
P5 3.20 1.55 0.33 4
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According to our ranking, the pro-quality choice of products while considering en-
vironmental aspect was achieved. It was found that the most favorable product was the
penetrant named P3, for which the proximity factor was equal to 0.71. This penetrant was
found to provide the expected level of quality and had the least negative impact on the
natural environment.

5. Discussion

The development of enterprises and dynamically changing customer expectations
are generating increased production, the main goal of which is to achieve customer satis-
faction [1,8,9]. In this context, it is important to predict customers’ expectations and the
environmental impacts resulting from these expectations [3,10]. This process seems to be
indispensable for reducing unfavorable climate changes, which have increased with the
development of production (Industry 4.0) [12,13]. Hence, it is necessary to propose a model
for the prediction of pro-quality decisions while considering sustainable development.

The purpose of this analysis was to develop a model to predict beneficial pro-quality
decisions from a design point while considering environmental aspects. The main idea
of the model was to integrate multi-criteria decision methods (FAHP and FTOPSIS) in
order to determine key product criteria that have beneficial impacts on quality level and
the natural environment. These criteria allow for the achievement of a satisfying product
quality level while being environmentally friendly. Then, a prediction regarding which
product is the most qualitatively advantageous and the least environmentally invasive can
be made.

In our analysis, we used NDT for fluorescent penetrants. The test of the model showed
that it was possible to verify the assumed hypotheses. It was concluded that it is possible
to predict the expected criteria of a product (qualitative and environmental) to achieve
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satisfy product quality levels while reducing negative impacts on the natural environment.
It was additionally concluded that it is possible to support pro-quality decisions while
considering environmental aspects by verifying products based on expected and positive
correlation product criteria (qualitative and environmental).

Possible benefits of the proposed model include the following:

• Predicting a product that satisfies customers in terms of quality and
environmental friendliness.

• Thoughtfully selecting key qualitative product criteria, i.e., those important for cus-
tomer satisfaction.

• Thoughtfully selecting key environmental product criteria, i.e., those beneficial for
customers and the environment.

• Predicting customers’ satisfaction with product criterion states.
• Predicting the direction of product development.
• Designing products with the least possible negative impacts on the environment.
• Sustainably developing existing products.
• Predicting products based on small numbers of customers.
• Supporting organizations in making pro-quality decisions while considering environ-

mental aspects.

Additionally, the proposed model has business benefits:

• The model is low-cost and uses effective multi-criteria decision methods (FAHP and
FTOPSIS).

• It can improve the decision-making process for selecting or designing a product.
• It is possible to only concentrate on criteria that simultaneously impact customer

satisfaction and are not destructive to the environment.
• It is possible to support organization in planning activities.
• The model can predict sustainable development of products before the competition.

The advantage of the proposed method of developing the survey to obtain customers’
expectations is that it allows for a pairwise comparison of all product categories and, thus,
accurate assessments and reduced customer subjectivity.

In turn, the main limitations of the proposed model are its time-consuming calcula-
tions, the need to analyze extensive matrices for a large number of criteria, and a lack of
resistance to changing customer expectations over time.

As part of future analysis, it is planned to implement the model in software. Addi-
tionally, it is planned to verify the model with an example of another kind of product and
analyze a bigger sample size.

6. Conclusions

The sustainable development of products while considering customers’ expectations
and environmental aspects is the main action of a successful organization. However, a
turbulent environment, changes in customers’ expectations, and negative climate changes
make it difficult to achieve satisfactory and environmentally friendly products. Therefore,
the purpose of this analysis was to develop a model to predict beneficial pro-quality deci-
sions from a design point of view while considering environmental aspects. The model
was based on decision methods that additionally reduce uncertainty and imprecision in
customers’ assessments. These methods were the FAHP (fuzzy analytic hierarchy process)
and the FTOPSIS (fuzzy technique for order of preference by similarity to ideal solution).
The proposed model was verified via the NDT of fluorescent penetrants. An analysis
of qualitative and environmental criteria was conducted. The qualitative criteria were
sensitivity level, penetration time, time of washing the product after penetration, time of
drying the product after penetration, time of waiting for the research results, penetrant
viscosity, and penetrant density. The environmental criteria were health, combustibility,
reactivity, petroleum (light hydrotreated), refined oil, petroleum (heavy aromatic), boiling
point, and flash point. Criteria were characterized by current and hypothetical states. The



Sustainability 2021, 13, 9067 26 of 28

customers’ expectations were obtained with a survey and the Saaty scale. These expec-
tations were processed with the FAHP method to determine the weights of qualitative
and environmental criteria, as well as to determine satisfaction with the state of these
criteria. Subsequently, four strongly positively correlated qualitative and environmental
criteria were defined. The correlations were obtained for time of drying the product after
penetration and combustibility, the time of washing the product after penetration and
petroleum (light hydrotreated), refined oil, and petroleum (heavy aromatic). Based on these
correlations, the product quality level was predicted while considering environmental
aspects using the FTOPSIS method. These analyzed penetrants were HM-406 (Sherwin
Incorporated), ZL-2C (Magnaflux), FP-922 (Met-L-Chek), NM-403 (Sherwin Incorporated),
and ZL27A (Magnaflux). These penetrants were verified only for strong positive correla-
tions, i.e., criteria that allow for a satisfying quality level and do not adversely affect the
environment. As a result, it was concluded that the most advantageous penetrant was P3
(with a proximity coefficient of 0.71). It was predicted that using this penetrant allows for
the expected quality level and environmental friendliness.
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