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Abstract: The aim of the paper is to examine the requirements of producers in post-communist
countries with lower economic level. The first requirement was how to overcome the limitations of
conventional PEMEA to propose measures effectively. The second requirement solved the economic
effect of failure modes. The aim of the paper was to create a new hybrid PEMEA-DEMATEL-ERPN
model to manage failure modes to resolve the requirements. The DEMATEL model overcame the
limitations of PFMEA. DEMATEL data were used to estimate the functionality of the proposed models.
Criteria such as the occurrence of defective products and the probability of their occurrence (O and
RPN) were monitored. ERPN also overcame the limitations of PEMEA. Internal and external costs
arise as effects of failure modes. The costs were included in the economic evaluation of the models.
We validated the models in a transfer pressing process. The estimation of models” functionality
proved to be correct. The economic evaluation refined the research results and resolved the second
requirement of the manufacturers. The DEMATEL and ERPN models (compared to PFMEA) proved
their validity when the use of PEFMEA was limited. By using DEMATEL, we registered the lowest
number of defective products and the lowest costs.
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1. Introduction

Continuous improvement is an important global aspect of the growth and competi-
tiveness of manufacturing organizations. Improving the quality of production implies the
elimination of failure modes in the production process. For each single failure mode, it is
important to know and research the causes of that failure [1].

FMEA (Failure Mode and Effect Analysis) is a tool used to identify failure modes of
either a manufacturing process (PFMEA), design (DFMEA), system (SFMEA), or service [2].
It also has its applications in production quality and in solving the reliability of technical
systems [3,4]. The goal of a process FMEA is to improve the manufacturing process, ensure
the product is of the required quality, minimize downtime, and minimize defective products
and scrap. The focus of the PFMEA is on the manufacturing and assembly process [5].

The risk priority number (RPN) is used to determine the risk or criticality of failure
modes. The RPN is obtained by simply multiplying the risk factors such as occurrence
(O), severity (S), and detection (D). The problem is that this determination of the RPN
can be highly subjective and introduces many shortcomings. This invalidates its full use
in practice [6].

Many authors have been devoted to solving the problems of conventional PFMEA.
Authors have proposed various alternative approaches to solve this problem. Liu [2]
proposed a new framework to improve the execution of the PEMEA while improving
risk assessment.
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The new FMEA trends offer an opportunity to refine the results of the method. How-
ever, there is still a question of how important these parameters are to the size of the RPN
and the resulting threats. Several authors consider the S and O factors as the two most
important risk factors [7]. The limits of PEMEA can be explained as follows: we identified
three failure modes, A, B and C, which we ranked as follows: (SA =8, OA =5, DA =4),
(SB=10,0B =4, DB =4), and (SC =5, OC =4, DC = 8). Although each factor is rated differ-
ently, the resulting RPN is 160 for all failure modes. This poses a problem in determining
the prioritization for the measures proposed. This is a metric where equal weight is given
to each of the risk factors (S, O, and D) [8].

As summarized by Liu [9] in his paper, many authors have proposed many ways
to enhance the effectiveness of FMEA. The most widely used techniques are cognitive
mapping [10]; mathematical programming methods such as data envelopment analy-
sis (DEA) [11]; adaptive resonance theory [12]; linear programming [13]; fuzzy rule-
base [14,15]. Often used are multi-criteria decision-making (MCDM) methods such as
a technique for order preference by similarity to ideal solution (TOPSIS) [16-18]; grey
relational analysis (GRA) [19,20]; and decision-making trial and evaluation laboratory
(DEMATEL) [9,21,22]. Hybrid models have also found their use as a combination of
the baseline method (PMEA) with fuzzy analytic hierarchy process (AHP) and fuzzy
TOPSIS [23]; integrated approaches such as similarity measure and adaptive resonance
theory [24], D numbers, and grey relational projection method [25]; extended FMEA [8];
PFDA-FMEA [26], and other methods and techniques [27,28].

The Battelle Memorial Institute developed the DEMATEL method to solve complex
and interrelated problems [29,30]. The DEMATEL methodology is based on pairwise com-
parisons of individual factors, the definitions and descriptions of which will be available
to experts to assess the interrelations between the factors (quantitatively using scales). Its
strength is its ability to map all the influences and factors of a decision problem, including
their representation in a clear influence map. In practice, it involves one or two rounds
of questioning via a paper-based or online questionnaire. It is possible to include a larger
number of experts, resulting in a map that depicts the relations among them as well as the
significance of each step [31].

DEMATEL (Decision-Making Trial and Evaluation Laboratory) clarifies the complex
relations between failure modes in the manufacturing process and provides solutions by
comparing these failure modes in the manufacturing process. The solution uses matrices to
calculate direct and indirect causal relations, influence rates, and quantify the degree of
mutual influence between factors. By doing so, the FMEA process’ limitations about the
same RPN should be overcome [21].

In Table 1, we can see the studies that have considered the issue of combining FMEA
and DEMATEL. Most of the authors used the DEMATEL model to prioritize the fail-
ure modes.

Table 1. Review of PFMEA and DEMATEL usage.

Authors and Studies Models Applied DEMATEL Usage
Tsai et al. (2017) [21] PFMEA + DEMATEL Failure mode priority
Liu et al. (2022) [31] PFMEA + DEMATEL Failure mode priority
Cheshmberah et al. (2020) [32] FMEA + DEMATEL Selection of the most
important roots
Dikmen et al. (2018) [33] SERVQUAL + DEMATEL Factor priority
Mzougui et al. (2019) [34] FMEA + FUZZY DEMATEL Prioritisation of failure causes
Fei et al. (2022) [35] FMEA + DEMATEL + GRA Identifying root causes of failure
FMEA + ELICIT + GRA + . .
Hua et al. (2023) [36] DEMATEL Failure mode priority
Lo et al. (2022) [4] FMEA + DEMATEL + TOPSIS Identifying the critical factors
Jin (2023) [37] FMEA + DEMATEL + TOPSIS Analyze the direct and indirect effects
Song et al. (2022) [38] FMEA + DEMATEL + WINGS Failure mode ranking
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Nowadays, in the context of globalization and international integration, competition
in the marketplace becomes more and more severe. Hence, focusing on improving the
quality of a product/service with high speed and low waste production has been highly
appreciated over the last few years, especially with the current prices of materials and
energy. With a good quality scheme, a company can sustain its development by gaining
critical competitive advantages over its competitors: high yield and low wastage [8].

ERPN is an extended risk priority number created from conventional RPN. With
the identification of failure modes, costs are also incurred because of these modes. The
controllable costs are related to the preventive approach and the evaluation costs. The
ERPN mainly examines the costs of internal and external errors that are directly related to
the failure modes in question [8].

The aim of the paper is to create a new hybrid model of PEMEA, DEMATEL, and
ERPN. This model reflects the requirements of producers in the post-communist countries
of Europe, where the standard of living is lower compared to the developed countries of
Europe, America, and Asia. This is accomplished by the extended risk number ERPN. This
is extended by internal and external costs, which, given the standard of living in these
countries, are a very important indicator. The DEMATEL model, in addition to its classical
use as a multi-criteria analysis model (MCDM), will be used as a design indicator that will
help predict the functionality of the models and methods used in the hybrid model. For
the comparison parameter, we will select the number of defective products, probability
of occurrence (O), and risk priority number (RPN). The hybrid model will be applied to
the production process of transfer pressing in the production of a brake element for the
automotive industry. An economic model will also be created to evaluate the contribution
of individual models and fulfil the requirements of manufacturers.

The DEMATEL model has been used by many authors [7,21,32-36]. It is part of many
scientific studies. DEMATEL methodology has been used in our research. We directly
followed the research of Tsai et al. [21]. In contrast to that study, we applied these results in
practice and proposed measures according to the resulting DEMATEL digraph. The results
of the digraph, which shows the relations between failure modes, were used to outline
which model is predicted to have the lowest number of defective products.

The ERPN model was created by Nguyen [8], and is a little-known extension of PEMEA.
In our study, we validated the effectiveness of this model in practice by prioritizing the
results to propose measures. Moreover, we used the data obtained in the ERPN model for
the economic evaluation of all the proposed models.

The intended outcome of the study was the proposal of a hybrid model where the
advantages of each of the PFMEA, DEMATEL, and ERPN models were exploited.

2. Materials and Methods
2.1. Solution Procedure of the Examined Task

1. Selection of the research object;

2. Creation of an evaluation team;

3.  Failure mode identification and development of PEMEA;

4.  Creation of the DEMATEL model;

5.  Creation of the ERPN model;

6. Applying the models of the hybrid model PEMEA, DEMATEL, and ERPN to the
production process;

7. Prediction of the functionality of the models based on the DEMATEL model;

8.  Evaluation.

2.2. Object of Research

The monitored product was a component for the brake system of a car (Figure 1),
produced by transfer pressing technology in a production organization focused on the
production of components for the automotive industry. The material of the component is
steel 5355 MC (EN10149). The production organization aims to produce a product of light
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construction for maximum weight savings. This saves raw materials, costs, and energy
when using the products. The brake component is produced on the ARISA pressing line.
We will focus on transfer production within the transfer pressing technology. Transfer
production is a type of pressing process. In transfer pressing, a blank is cut at the beginning
of the process, which is then moved to the next steps of the tool via the transfer system,
where it is subsequently shaped. In transfer pressing, a semi-finished product is cut at
the beginning of the process and then moved to the next steps of the tool via the transfer
system, where it is subsequently shaped. The component is gradually created with seven
strikes of the ram.

pr1  ©3l
o

O }-..a_ ﬁ Q
O

Figure 1. The brake component.

2.3. Creation of an Evaluation Team

We created an evaluation team that participated in the presented analyses and research.
The evaluation team consists of three authors of the research paper, three project managers,
two quality managers, and one production manager. Although the proposed number
(nine members) does not meet the requirements of the conventional FMEA for team size
(four to six members), it does meet the requirements of the DEMATEL model. With the
DEMATEL model, it is necessary to involve as many experts as possible in the evaluation.
We selected experts from the domestic sources of the production organization and scientific
and research workers at universities.

2.4. Identifying Failure Modes and Creating an Initial PFMEEA
Initial PFMEA progression:

Identification of failure modes in the selected process;

Identification of the effects of failure modes;

Classification of the severity (S) of the failure mode concerning the failure mode effect;

Severity scale (S) (1-10), where S = 1 means the lowest severity, and S = 10 means the

highest severity;

Identification of the cause of the failure mode;

Probability of occurrence (O) scale (1-10), with 1 indicating a very unlikely occurrence

and 10 an almost certain occurrence;

e  Description of the current process controls to prevent the failure mode method—
controls that will either prevent the failure mode from occurring or detect the failure
mode should it occur;

e Evaluation of the probability of detection (D) that the failure mode cause will
be detected;

e Detection scale (1-10), with 1 being “almost certain” detection and 10 being
“almost impossible”;

e  Multiplying S, O, and D to determine the Risk Priority Number (RPN) for each

potential failure mode;
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e  Determination of the average number of defective products on average per week of
production in continuous operation. Observation period—3 weeks.

2.5. Creation of DEMATEL Model

We used the well-known DEMATEL methodology, primarily following Tsai et al. [21].
This methodology [21] was used to develop the model on which we built our research
(Section 2.7).

Establishing a direct-relation matrix (Equation (1)):

Each team member will determine the intensity of the relations between the selected
failure modes as an expert, and thus the basis of the initiation matrix for the DEMA-
TEL model will be created. The coupling between failure modes (FM’s) will be evalu-
ated on a scale of 0-6, where 0 means no relations and 6 is the maximum number of
relations (Figure 2).

Figure 2. Relations by DEMATEL.

Subsequently, a direct-relation matrix is created (Equation (1))

0 x12 - X1
x = 0 M)
Xp1 Xp2 o0 0

Determination of Cronbach’s alpha and CITC:

Cronbach’s alpha (Equation (2)) will be used to assess the reliability of the survey data,
and CITC will be calculated. The test results will show how reliable the questionnaires used
in the DEMATEL analyses are. The acceptable limit value of Cronbach’s alpha is 0.7 [33,39].

k V;
o=y (1-) @

where k is the number of experts, V; is the sum of item variances, and V; response variance
of total scores.

A corrected total item correlation (CITC) score is determined for each item and each
expert. The CITC expresses how well each item contributes to the internal consistency of a
particular construct, as measured by Cronbach’s alpha coefficient [40]. CITC was evaluated
by Pearson’s product-moment correlation coefficient.

Determination of the normalized direct-relation matrix N:

Using column vectors and maximum values (Equation (3)) as the basis for matrix
normalization (Equation (4)) [21].

A= 1/max1gi§n27:1 Xij ©
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Determination of the direct/indirect relation matrix (T) or the total-relation matrix
(Equation (5)):
T:lim(N+N2+...+Nk):N(I—N) ®)

n—o0

where I represents the identity matrix.

Determination of the values in each row and column:

This is followed by performing a mathematical summation of the values in each row
and column of the total relation matrix (T). We denote D; (Equation (6)) as the sum of the
i-th column and R; (Equation (7)) as the sum of the j-th row. These values of D; and R;
consider both indirect and direct influences [21].

D; = 27:1 ti(i =1,2,...,m) (6)

Ri = Z]r‘l:] tl](l = 1,2,...,7’1) (7)

Creating the DEMATEL cause and effect diagram:

The horizontal axis (D + R) and vertical axis (D — R) are used to represent the cause
and effect diagram, respectively. The diagram simplifies complex causal relations into an
easy-to-understand visual structure. Decision-makers can determine factor types based on
the characteristics of the factors and formulate appropriate solutions based on the extent of
influence of each factor [21].

Attribute k is either a cause or effect attribute when (Dy — Ry) is a positive or negative
value, respectively. The size of (Dy + Ry) represents the extent of the attribute’s cause
or effect [21].

Based on the coordinates in (Dy + Ry) and (Dy — Ry), k can be categorized into
four categories:

e Positive (Dy — Ry) and large (D + Rg) values: k is a cause factor and an actuating
factor for solving the problem;

e Positive (Dy — Ry) and small (Dy + Ry) values: k is an independent factor and influ-
ences only a small number of other factors;

o Negative (Dy — Ry) and small (Dy + Ry) values: k is an independent factor and is
influenced by only a small number of factors;

o  Negative (Dy — Ry) and large (Dy + Ry) values: k is a core problem that requires resolution.
However, it is an effect attribute; thus, it cannot be directly improved [21,41,42].

2.6. Determination of ERPN

It is an extended risk number that is created by including internal and external costs as
a result of failure modes in the model. We used the methodology proposed by Nguyen [8].
This methodology [8] was used to develop the model on which we built our research
(Section 2.7).

Internal Failure Cost (IFC) is the cost incurred as a result of product quality non-
conformance, assuming that defective products are detected at the production stage. If no
defective product is detected, then IFC = 0 [8].

External Failure Costs (EFC) are the costs that are incurred by a non-conformity
detected by the customer. If they do not occur, EFC = 0. EFC is divided into two parts:

1.  Without-casualty costs (WoC): field servicing and handling complaints; recalls, returns,
and replacements; warranty; other indirect costs, etc.;

2. Casualty costs (CC): the cost of compensating customers for damage caused by a
defective product. Then, IFC = WoC + CC.
Additionally, IFC and EFC can be converted to SI and SE as follows [8]:

1. We follow up on the conventional PEMEA and the determined RPN.
2. Internal costs are determined—IFC (for 1 defective product).
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3. External costs—EFC are determined, considering WoC costs and CC costs (per one
defective product).

4. The probability of occurrence of the mode—PO is determined. PO (Equation (8) is
based on the probability of occurrence of O:

0
PO = 5 ®)

5. We determine the detection probability of the mode—PD. The PD (Equation (9)) is
based on the detection parameter D.

(10— D)
9

6.  The internal costs of the IFC will be taken into account when determining the severity
level (SI) (Equation (10)).

PD = )

_IFC
~ FCmin
where FCmin response minimum costs by all failures and causes.

SI (10)

7. The IFC’s internal expenditures will be taken into consideration when establishing a
severity level (SI) (Equation (10)).

WoC
SE = FCmin
8.  The external costs of the CC will be taken into account when establishing a severity
level (5C) (Equation (12)).

(11)

CcC
FCmin
9.  We determine the poc—the probability of the failure mode. For WoC costs, we consider

poc = 0. For CC costs, we consider poc = 1.
10. The ERPN calculation for the extended FMEA is calculated according to Equation (13):

SC = (12)

ERPN = PO.ST.[PD.SI + (1 — PD).(poc.SC + (1 — poc)SE)] (13)

11. The comparison of the RPN calculated for conventional PEMEA with the calcu-
lated ERPN.

2.7. Creation of a Hybrid Model

After the development of the initial state of the PFMEA, a hybrid PFMEA-DEMATEL-
ERPN model is created.
We have proposed three models to solve the research problem:
1. Conventional PEMEA;
Combined PFMEA with the DEMATEL model;
3. Combined PFMEA with the ERPN model.

For all models, the procedure will be as follows:

N

e  Monitored criteria—number of defective products, probability of occurrence—O, risk
priority number—RPN;
e  Proposal of measures for the four most important failure modes;
O With conventional PEMEA for failure modes with the highest RPN;
O With the PEMEA and DEMATEL model for the most significant failure modes
according to the basic DEMATEL model;
O In the hybrid model for failure modes with the highest ERPN;
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O Measures will be designed to reduce the number of defective products; regard-
ing reducing the occurrence of O.

e  Prediction and estimation of models’ functionality based on defined relations in the
DEMATEL model;

O Estimation of monitored criteria based on four proposed measures for
each model;

O Based on the results of the digraph of the DEMATEL model, we have proposed
a procedure where we show with a bold line the relations between the failure
modes of the significant intensity of sizes 5 and 6, which are the values from
experts for creating the initial matrix of the direct relation, and we show with
a thin line the relations of average intensity (size 3 and 4). Relations of low
intensity (size 1-2) will not be displayed. The location of the failure modes in
the quadrants of the DEMATEL model digraph will also be crucial.

The data collection process for each model will take three weeks;

The average value of the occurrence of defective products for one week is considered
reliable for obtaining results and defining random phenomena;

A comparison of proposed models based on the modification of monitored criteria;
The economic evaluation of the models is based on the determined costs of IFC
and EFC for the elimination of the effect of each mode of failure according to
Formulas (14) and (15).

NFMZ' =n,.FC = nn(IFC + EFC)[€] (14)
Nui = ) Newmil€] (15)
i=1

where N; is the total cost of the model; Ny, is the cost caused by the effect of the i-th
failure mode; n,, is the number of defective products; and FC is the failure cost.

3. Results and Discussion
3.1. Initial PFMEA

The evaluation team identified 54 failure modes that arise during a transfer manufac-
turing operation. These have been included in Table 2.

Table 2. Initial PEMEA.

Failure S (@) D RPN
FM1 Diameter out of tolerance after maintenance 8 10 1 80
FM2 Shape improper 2 7 6 84
FM3 Deformation 6 2 7 84
FM4 Roundness at a diameter 8 2 5 80
FMb5 Hole rim deformation 7 2 5 80
FM6 Burr 6 2 7 84
FMY Loosen chips on the rim of the neck 6 2 7 84
FMS8 Cracks caused by production 8 2 7 112
FM9 V crack 8 2 6 96
FM10 Crack on neck 8 2 4 64
FM11 Insufficient remaining material thickness 8 2 7 112

Legend: S—severity, O—occurrence, D—detection, RPN—risk priority number.

The average number of products produced per week in the observed period (at high
OEE) was 41,200. We recorded an average of 2% of defective products (824 pieces) per
week (stable value at the end of the monitored period). This was a high value that needed
to be reduced.
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3.2. Model DEMATEL

Table 3 shows the direct relation matrix, which is the same as the expert pairwise
comparison matrix. Before that, we calculated Cronbach’s alpha and CITC based on the
questionnaires from the experts.

Table 3. Initial direct-relation matrix X.

FM1 FM2 FM3 FM4 FM5 FMe6 FM7 FM8 FM9 FM10 FM11 FM12
FM1 0 2 1 3 1 0 0 0 1 0 0 1
FM2 5 0 4 5 3 1 0 3 2 3 3 1
FM3 5 6 0 5 3 3 1 3 2 3 3 2
FM4 4 4 2 0 1 0 0 1 1 1 1 0
FM5 3 2 6 1 0 4 3 1 3 1 1 4
FMe6 3 0 0 2 2 0 2 0 0 0 0 0
FM7 0 0 4 0 2 1 0 1 0 1 0 3
FM8 0 3 4 0 0 0 0 0 1 6 6 2
FM9 2 3 4 1 6 0 0 6 0 0 6 0
FM10 0 3 4 0 0 0 0 6 1 0 6 0
FM11 0 0 0 0 0 0 0 5 5 5 0 0
FM12 3 4 5 3 2 0 0 3 0 3 1 0

Legend: FM—failure mode.
The reliability of the questionnaire data was of a high level and reached 0.9971.
The survey results were very consistent. All the adjusted values were greater than 0.3.

The values of the corrected item-total correlation for the nine experts were listed in Table 4.

Table 4. Corrected item-total correlation value of validated respondents.

Respondents Pearson
Expert 1 0.9965
Expert 2 0.9879
Expert 3 0.9809
Expert 4 0.9863
Expert 5 0.9793
Expert 6 0.9804
Expert 7 0.9902
Expert 8 0.9839
Expert 9 0.9870

The normalized direct relation matrix was constructed based on Equation (3) and can
be found in Table 5.

Table 5. Use the column vectors and maximum values as the baseline for normalization.

Xx; maxXxjj A

9
30
36
15
29

9
12
22
28
20
15
24

36 0.027778




Appl. Sci. 2023,13, 3627 10 of 21

The normalized direct-relation matrix N was determined based on Equation (4) and
can be found in Table 6.

Table 6. Normalized direct-relation matrix N.

FM1 FM2 FM3 FM4 FM5 FMe6 FM7 FM8 FM9 FM10 FM11 FM12

FM1 0 0.056 0.028 0.083 0.028 0 0 0 0.028 0 0 0.028
FM2 0.139 0 0.111 0.139 0.083 0.028 0 0.083 0.056 0.083 0.083 0.028
FM3 0.139 0.167 0 0.139 0.083 0.083 0.028 0.083 0.056 0.083 0.083 0.056
FM4 0.111 0.111 0.056 0 0.028 0 0 0.028 0.028 0.028 0.028 0
FM5 0.083 0.056 0.167 0.028 0 0.111 0.083 0.028 0.083 0.028 0.028 0.111
FMe6 0.083 0 0 0.056 0.056 0 0.056 0 0 0 0 0
FM7 0 0 0.111 0 0.056 0.028 0 0.028 0 0.028 0 0.083
FMS8 0 0.083 0.111 0 0 0 0 0 0.028 0.167 0.167 0.056
FM9 0.056 0.083 0.111 0.028 0.167 0 0 0.167 0 0 0.167 0
FM10 0 0.083 0.111 0 0 0 0 0.167 0.028 0 0.167 0
FM11 0 0 0 0 0 0 0 0.139 0.139 0.139 0 0
FM12 0.083 0.111 0.139 0.083 0.056 0 0 0.083 0 0.083 0.028 0

The overall relation matrix T was determined from Equation (5) and is given in Table 7.
Itis an n X n matrix.

Table 7. Total-relation matrix T.

FM1 FM2 FM3 FM4 FM5 FMe6 FM7 FM8 FM9 FM10 FM11 FM12
FM1 0 0 0 0 0 0 0 0 0 0 0 0
FM2 0.257 0.150 0.255 0.237 0.166 0 0 0.227 0.149 0.206 0.228 0
FM3 0.282 0.318 0.181 0.259 0.184 0.129 0 0.247 0.161 0.224 0.246 0
FM4 0.178 0.182 0.134 0 0 0 0 0 0 0 0 0
FM5 0.215 0.199 0.308 0.146 0 0.157 0 0.167 0.161 0.144 0.161 0.170
FMe6 0 0 0 0 0 0 0 0 0 0 0 0
FM7 0 0 0.184 0 0 0 0 0 0 0 0 0
FMS8 0 0.195 0.227 0 0 0 0 0.155 0 0.282 0.301 0
FM9 0.175 0.222 0.266 0.129 0.243 0 0 0.313 0 0.154 0.316 0
FM10 0 0.184 0.214 0 0 0 0 0.288 0 0.130 0.293 0
FM11 0 0 0 0 0 0 0 0.244 0.186 0.217 0.126 0
FM12 0.198 0.241 0.267 0.183 0.129 0 0 0.209 0 0.197 0.162 0

We then created Table 8 according to Equations (6) and (7).

Table 8. Summary of the prominence and relation of the 12 FM.

R D D+R D-R
FM1 1.758 0.686 2.444 —-1.071
FM2 1.993 2.058 4.051 0.066
FM3 2.258 2.407 4.665 0.148
FM4 1.475 1.09 2.565 —0.384
FM5 1.319 2.041 3.36 0.723
FMé6 0.65 0.535 1.185 -0.116
FM7 0.375 0.966 1.341 0.591
FM8 2.122 1.652 3.774 —0.47
FM9 1.277 2.092 3.369 0.815
FM10 1.796 1.519 3.316 —-0.277
FM11 2.072 1.148 322 —-0.925
FM12 0.886 1.787 2.674 0.901

According to Figure 3, each factor can be assessed based on the following aspects:
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Figure 3. Relational diagram of the 12 failure modes.

In terms of degree of importance, FM3 is ranked in first place, followed by FM2, FMS,

EM9, EM5, FM10, FM11, EM12, FM4, EM1, EM7, and FM6.

In this study, FM2, FM3, FM5, FM7, FM9, FM12 are regarded as causal variables, and

FM1, FM4, FM6, FMS, FM10, FM11 are regarded as an effect.

The division of failure modes according to their significance (Figure 3):

High significance and high correlation: This quadrant include failure modes FM3,
FM2, FM9 and FMS5. These failure modes are the main causal factors influencing the
other items. They are therefore triggers for problem-solving.

Failure modes FM12 and FM7 were in the second quadrant. These are characterized
by low significance and high relation. They are referred to as moderate causal. They
moderately affect the other failure modes. They are thus relatively independent.

In the third quadrant, failure modes FM4 and FM1 were found. These are character-
ized by low significance and low relation. They are moderately influenced by the
other failure modes. Thus, they are relatively independent.

In the fourth quadrant, failure modes FM8, FM10, and FM11 were located. These are
characterized by low significance and low relation. They are the effects of other failure
modes and significantly influenced by other failure modes. By being effect factors,
they cannot be directly improved.

3.3. Model ERPN

Based on Section 2.6, costs have been assigned to each failure mode. These costs were
incurred as a consequence of these failure modes and are shown in Table 9.

Table 9. Determination of internal and external costs for each failure mode per one piece of a

defective product.

Failure Mode IFC [€] WoC [ €]
FM1 Diameter out of tolerance after maintenance 0.1 0.1
FM2 Shape improper 3.55 8.61
FM3 Deformation 0.31 0.31
FM4 Roundness at a diameter 0.2 0.2
FM5 Hole rim deformation 6.79 8.86
FM6 Burr 0.15 3.83
FMY7 Loosen chips on the rim of the neck 0.1 0.11
FMS8 Cracks caused by production 0.53 293
FM9 V crack 0.2 3.10
FM10 Crack on neck 2.31 4.34
FM11 Insufficient remaining material thickness 0.68 6.49
FM12 Diameter out of tolerance after maintenance 2.14 79

Legend: FM—failure mode; IFC—internal costs; WoC—without-casualty costs.
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Subsequently, based on the instructions in Section 2.6 and Formulas (8)—(13), we
compiled Table 10.

Table 10. Representation of PEMEA with the ERPN model.

Failure Initial PFMEA PFMEA with ERPN
Mode
S(ST) (0] D RPN Cl PO PD SI SE poc ERPN Cl
FM1 8 10 1 80 9-10 1 1.000 1 1 0 8.00 9
FM2 2 7 6 84 5-8 0.7 0.444 35.5 86.1 0 89.06 2
FM3 6 2 7 84 5-8 0.2 0.333 3.1 3.1 0 3.72 10
FM4 8 2 5 80 9-10 0.2 0.556 2 2 0 3.20 11
FM5 7 2 5 70 11 0.2 0.556 67.9 88.6 0 107.94 1
FMeé6 6 2 7 84 5-8 0.2 0.333 1.5 38.3 0 31.24 7
FM7 6 2 7 84 5-8 0.2 0.333 1 1.1 0 1.28 12
FM8 8 2 7 112 1/2 0.2 0.333 53 29.3 0 34.08 6
FM9 8 2 6 96 4 0.2 0.444 2 31 0 28.98 8
FM10 8 2 4 64 12 0.2 0.667 23.1 434 0 47.79 5
FM11 8 2 7 112 1/2 0.2 0.333 6.5 64.9 0 72,85 4
FM12 7 2 7 98 3 0.2 0.333 214 79 0 83.72 3
Legend: FM—Failure Mode; S(ST)—severity; O—occurrence; D—detection; RPN—risk priority number; Cl—
classification; PO—the probability of occurrence, PD—the probability of detection; SI—severity level from an
economic perspective in internally dealing; SE—severity level from an economic perspective in externally dealing;
poc—the probability of a casualty caused; ERPN—extended risk priority number.
3.4. Monitoring of Indicators at the Initial Status
Table 11 summarizes the results of the proposed models. We used these data as a basis
for the innovative designs for the hybrid model.
Table 11. Analysis of important parameters after creating conventional FMEA, DMEATEL model,
and ERPN.
INITIAL PFMEA DEMATEL ERPN
n (@) RPN Cl nn K1 Significance Influence  ERPN Cl
FM1 18,100 10 80 9-11 362 12 12 effect 8.00 9
FM2 2000 2 84 5-8 40 2 2 casual 89.06 2
FM3 2100 2 84 5-8 42 1 1 casual 3.72 10
FM4 2000 2 80 9-11 40 11 9 effect 3.20 11
FM5 2200 2 80 9-11 44 4 5 casual 107.94 1
FMeé6 2200 2 84 5-8 44 10 11 effect 31.24 7
FEM7 2100 2 84 5-8 42 6 10 casual 1.28 12
FM8 2200 2 112 1-2 44 7 3 effect 34.08 6
FM9 2100 2 96 4 42 3 4 casual 28.98 8
FM10 2100 2 64 12 42 8 6 effect 47.79 5
FM11 2000 2 112 1-2 40 9 7 effect 72.85 4
FM12 2100 2 98 3 42 5 8 casual 83.72 3
X 41,200 824

3.5. Hybrid Model PFMEA-DEMATEL-ERPN
3.5.1. Proposal of Measures

By proposing four measures, we want to improve the original state achieved by the
conventional PFMEA.

An important parameter for meeting the objectives of the work is the probability of
occurrence of failure modes O. The failure modes have 11 equal values (for FM2-12 is
O =2) and 1 abnormally high value (FM1 = 8). Therefore, the FM1 mode has been a matter
of priority, as there was a human error in updating the data. Failure mode 1 was not
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considered in the final statistical evaluation in the other models. By solving the FM1 failure
mode, the incidence of failure modes was reduced to 462, which represents 1.12%.

Measures for the model of the conventional PEMEA (according to the highest RPN):

FM8—Increasing the amount of oil in the event of the formation of a vacuum bubble
(the part remains stuck in the tool), the holes in the affected area responsible for the
occurrence must be blinded, the release of tension elements if necessary;

FM9—Tool setting (position of guiding elements);

FM11—Tool maintenance;

FM12—Production of a longer punch/underlaying of the existing punch; optimization
of the internal diameter of the shear to a larger value.

Measures for the DEMATEL model (according to the first quadrant of the Figure 3):

FM3—Resharpening the cutting knives in the trimming step, installing the waste brake
during the process of cutting the central hole;

FM2—Correct use of tools—retraining;

FM9—Tool setting (position of guiding elements);

FM5—The arresting area of the elements must be made with a wider diameter so that
the clearance is as small as the process allows.

Measures for the ERPN model (according to the highest ERPN):

FM5—The arresting area of the elements must be made with a wider diameter so that
the clearance is as small as the process allows;

FM2—Correct use of tools—retraining;

FM12—Production of a longer punch/underlaying of the existing punch, optimization
of the internal diameter of the shear to a larger value;

FM11—Tool maintenance.

3.5.2. Prediction and Estimation of the Functionality of the Proposed Models

Based on the location of the failure modes in the individual quadrants of the DEMATEL

model digraph (Figure 2), we estimated the success of the used models that make up the
resulting hybrid model.

The location of the failure modes for the conventional PEMEA for which we proposed

measures is shown in Figure 4. For each model, we divided the failure modes (for which
we proposed measures) into cause and effect. At the same time, For each failure mode, we
displayed the intensity of the relation to other failure modes. We have shown their quantity
and intensity in Figure 4 (highlighted by blue arrows) and Table 12.

Figure 4. Cont.
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Figure 4. Main failure modes of the conventional PFMEA and their relations on other failure model.

Table 12. The number of bonds and their intensity for each model.

Failure Mode C ! Eff Number of Bonds
Model asua ect Significant Intensity Average Intensity Low Intensity
Conventional PEMEA 2 2 9 9 6
DEMATEL 4 0 9 17 13
ERPN 3 1 7 15 10

The location of the failure modes for the DEMATEL model for which we proposed

measures is shown in Figure 5.

Figure 5. Main failure modes in PFMEA combined with DEMATEL and their relations with the other

failure modes.

The location of the failure modes for the model with ERPN for which we proposed

measures is shown in Figure 6.
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Figure 6. Main failure modes in PFMEA combined with ERPN and their relations with the other
failure modes.

Based on Figures 4-6, we created Table 12.

Discussion of Table 12:

The DEMATEL model has all four failure modes (FM2, FM3, FM5, FM9) for which
measures have been proposed, located in the first quadrant (Figure 4). All four failure
modes are significant and causal, which means they also influence the emergence of other
failure modes. If we, as an FMEA team, made the right decisions when creating the initial
matrix of a given model, it should manifest itself as the model that manifests itself with
the highest reduction in the monitored criteria. This is also indicated by the fact that these
four failure modes influence the other 9 failure modes (with repetition) with a significant
relation and influence 17 failure modes by the average intensity relation.

The ERPN model has two failure modes (FM2, FM5) in the first quadrant (Figure 5).
The FM12 failure mode is in the second quadrant, so it is relatively independent, but it is
very close to the border of the first quadrant. These three failure modes, FM2, FM5, and
FM12, are causative and significant. Although FM11 failure mode is more influenced by
other failure modes, its relations with other failure modes are significant. We estimate that
the ERPN model will be successful and significantly reduce the monitored criteria. This
is also indicated by the auxiliary criteria, as the given 4 failure modes influence the other
7 failure modes (with repetition) with a significant relation and influence 15 by the average
intensity relation.

The conventional PFMEA model has only one failure mode (FM9) in the first quadrant,
FM12 in the second quadrant (close to the first), and two failure modes (FM8, FM11) only
in the third, although both with higher significance (Figure 6). We refer to only two failure
modes as causative, namely FM9 and FM12. We assume that this model will also reduce the
monitored criteria, though as compared to the DEMATEL and ERPN models with a lower
success rate. This is also indicated by auxiliary criteria regarding the number of affected
failure modes with average and lower intensity.
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In our case, the success of the models is determined by the relations of average and
low intensity, but also by the distribution of failure modes in the quadrants of the digraph
(Figure 2) of the DEMATEL model.

3.5.3. Evaluation of Models

In Table 13, we can see the results obtained after application in the transfer mold-
ing process.

Table 13. Analysis of the monitored criteria after application of all proposed models.

PFMEA Conventional
Initial State PFMEA DEMATEL ERPN
n n, (@) RPN Kl nn () RPN nn () RPN nn () RPN
FM1 18,100 362* 10 80 9-11 - - - - - - - - -
FM2 2000 40 2 84 5-8 29 2 84 14 1 42 17 1 42
FM3 2100 42 2 84 5-8 29 2 84 12 1 42 29 2 84
FM4 2000 40 2 80 9-11 35 2 80 29 2 80 32 2 80
FM5 2200 44 2 80 9-11 38 2 80 14 1 40 31 2 80
FMé6 2200 44 2 84 5-8 43 2 84 35 2 84 37 2 84
FM7 2100 42 2 84 5-8 44 2 84 38 2 84 39 2 84
FM8 2200 44 2 112 1-2 16 1 56 31 2 112 30 2 112
FM9 2100 42 2 96 4 23 1 48 17 1 48 31 2 96
FM10 2100 42 2 64 12 28 2 64 34 2 64 29 2 58
FM11 2000 40 2 112 1-2 18 1 56 29 2 112 15 1 56
FM12 2100 42 2 98 3 24 1 49 30 2 98 18 1 49
% 41,200 462 327 283 308
* Failure mode 1 was not considered in the final statistical evaluation in the other models. See Section 3.5.1.
We converted the monitored criteria into a graphical representation for better visual-
ization (Figure 7).
500
]
450 7
400 2
350 1
300
150 -
- O
200
150
100
n O RPN

n
W Initial PFMEA Corwventional PFMEA PFMEA + DEMATEL PFMEA+ ERPNM

Figure 7. Comparison of the different models and methods used based on the monitored criteria.
Legend: n,—number of defective products; O—occurrence; RPN—risk priority number.

Based on Figure 7, we can conclude that our prediction of the estimation of the model’s
functionality was correct. We recorded the lowest number of defective products with the
DEMATEL model. The categorization of occurrence O was at the same level for all proposed
models. Improvements occurred only in failure modes to which measures were specifically
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applied. We recorded the lowest average RPN value for the ERPN model. However, it
should be emphasized that criteria O and RPN do not have such a telling value and are not
as specific as the number of defective products.

The conventional PFMEA reduced the number of defective products the least.

It is important to emphasize that with the DEMATEL and ERPN models, we have a
clearly defined prioritization for the possible further proposal of measures. PEMEA groups
failure modes with the same RPN and O, which is one of the most common limitations
of PEMEA.

3.5.4. Economic Evaluation of Models

Based on the costs of a specific failure mode for one component listed in Table 9, we
compiled an economic evaluation of the number of defective products. This was reflected
in Table 14.

Table 14. The economic evaluation of models.

PFMEA PFMEA

Failure Mode  IFC[€]  EFCI€] Initial State Conventional DEMATEL ERPN
ny FC [€] ny FC [€] ny FC[€] ny EC [€]
FM2 3.55 8.61 40 486.4 29 352.64 14 170,24 17 206.72
FM3 031 0.31 2 26.04 29 17.98 12 7.44 29 17.98
FM4 02 0.2 40 16 35 14 29 11.6 0 12.8
FM5 6.79 8.86 14 688.6 38 594.7 14 2191 31 48515
FM6 0.15 383 44 175.12 43 171.14 35 139.3 37 147.26
FM7 01 0.11 0 8.82 14 9.4 38 7.98 39 8.19
FMS 0.53 2.93 a4 152.24 16 5536 31 107.26 30 103.8
FMO9 02 31 2 138.6 23 759 17 56.1 31 102.3
FM10 231 434 0 279.3 28 186.2 34 226.1 29 192.85
FM11 0.68 6.49 40 286.8 18 129.06 29 207.93 15 107.55
FM12 214 7.9 2 121,68 24 240,96 30 301.2 18 180.72
5 462 26796 327 184718 283 145425 308 1565.32

We evaluated the individual models economically. As can be seen (Table 14), the
lowest cost of dealing with the consequences of failure modes was achieved by using
DEMATEL. We observed higher costs when using the ERPN model. We found the highest
costs when we used conventional PEMEA. It might seem that this is only due to the number
of defective products, but this is not a correct interpretation. Each failure mode is uniquely
costly to correct and this as a significant factor determines the final economic evaluation of
the model.

3.6. Theoretical Analysis of the Proposed Models

In our research, we started with a real-world problem that often occurs when PEMEA
is used in practice. PEMEA reaches its limits if we identify many failure modes with the
same RPN. This was evident in one of the proposals for solving this problem. This was the
classical continuation analysis of PEMEA (conventional PFMEA). For time, organizational
reasons, and economic reasons, it is not possible to apply the measures and solve all the
problems at once. It is therefore very important to establish a clear prioritization for the
proposal of measures. We used the conventional PEMEA as a benchmark for comparison
with other proposals, even though it was clear that the PEMEA would be ineffective and
unable to reduce the monitored criteria. This was also confirmed.

Many authors have used the DEMATEL model to overcome these limita
tions [21,31-33,35-39,43,44]. This was also demonstrated in our research. Moreover, we
confirmed these results by monitoring the proposed criteria, which we were able to reduce.
Among the requirements of manufacturing organizations, the main aim is to reduce the
number of defective products. The DEMATEL model results in a digraph that gives us
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information about the interaction between failure modes and categorizes the modes into
influencing and influenced modes. We have used these results to estimate whether and
how each of the proposed models can reduce the monitored criteria. In doing so, we also
considered the strength of the interaction between the failure modes that were obtained
from the experts’ evaluations and is presented in Table 3. The results showed that our
estimation was correct. It should be emphasized that DEMATEL is highly dependent on
the input values. This requires quality experts knowledgeable about the system being
evaluated. If the input data are not exact, the DEMATEL results will be misleading and the
estimation of the models functionality will be incorrect.

Based on the research by Nguyen et al. [8], we constructed the ERPN model. We
confirmed the results of that research because we were able to determine the prioritization
of failure modes. In our study, we again confirmed these results by validating them in
practice. Subsequently, we proposed a model for the economic evaluation of the benefit of
the models, where we used internal and external costs (they are created as an economic
effect of the failure modes and are identified in the ERPN model). These data were the basis
for the determination of the ERPN. At the same time, these data should be recorded by
each production organization. We pointed out that determining the most successful model
by the lowest number of defective products may not be correct since each failure mode
produces different costs. This does not change the fact that in our research, the model with
the lowest number of defective products also produced the lowest costs.

We hypothesize that based on the methodology set out in the paper, manufacturing
organizations may be able to address the situation if PFMEA achieves its limits.

4. Conclusions

The aim of the paper was to create a new hybrid model PFMEA-DEMATEL-ERPN for
practical requirements. One of the requirements was how to overcome the limitations of
conventional PEMEA for the effective design of measures. The second request contained a
proposal on whether it is possible to incorporate the costs arising as an effect of the failure
mode into the PFMEA. DEMATEL was used as a tool to estimate the functionality of the
proposed models. This required high-quality experts in the field of process knowledge.
When used as an estimation tool, it requires high-quality experts in the area of the process
under study. The extended risk priority number ERPN ensured the inclusion of costs as
consequences of failure in the model, and the inputs to the model were used during the
construction of the economic model to evaluate the models from an economic point of view
as well. In addition, the ERPN model also ensured that the limitations of the conventional
PFMEA were overcome. Both models reduced the monitored criteria proposed by the aim
of the paper.

The conventional PFMEA reduced the monitored criteria the least; moreover, in
practice, it brought a few critical situations when it was difficult to prioritize failure modes
for the design of measures. Our research shows that for the 12 failure modes, we identified
several failure modes with the same RPN and the same occurrence of O. We managed to
solve this problem with both the DEMATEL model and the ERPN model.

Our research paper deals with real problems in practice (operations, technology, and
product) and guides on how to effectively use DEMATEL in managing these problems. In
our paper, we have proved both the positives of the DEMATEL model in combination with
PFMEA, which many other authors have completed as well [21,31-33,35-39,45,46], and the
ability to specific situations where PEMEA is unusable, where it is necessary to use the
DEMATEL model.

We achieved the following benefits in our work:

Use of an innovative combination of models within the hybrid model;

Defining border situations where conventional PFMEA is of limited applicability;
Defining border situations when it is important to use the DEMATEL and ERPN model
for PFMEA;
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e Using the prediction of model functionality estimation based on the DEMATEL
model and confirming its success (extended innovative use of the well-known DEMA-
TEL model);

e Reduction in monitored criteria (occurrence of defective products, probability of
occurrence of failure modes, and resulting risk number) for designed models;

e  Designing and evaluating the economic benefits of the models (extended innovative
use of ERPN);

e  Proving the economic benefits of the models.

The proposed models solved real problems in practice and provided instructions on
how to effectively use them to solve problems in the production process. The proposed
ERPN and DEMATEL models combined with conventional PFMEA have shown their
validity in solving various requirements of manufacturers.

It is important to emphasize that the results are applicable if we have identified failure
modes with the same RPN in the PFMEA analysis. This means that the PFMEA has reached
a limit regarding the prioritization of the proposed measures.
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