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Abstract

One of the most popular quality management methods is FMEA (Failure mode and effects
analysis), which is used to analyze the risk of defects in the product or process in order to
eliminate them even before they occur. Its effective implementation reduces the costs of
elimination of defects, which increase exponentially in subsequent processes of product
implementation. FMEA is most often used where highly complex products are manufactured
or where production is a multi-stage process and many departments are involved. The aim of
the article was to use the PFMEA to assess the quality of window guides and to improve their
quality. This analysis was carried out based on complaints of the main business partner and
helped to indicate the main cause for the complaint, identify the corrective actions and check
the effectiveness of the proposed corrective actions. The analysis helped avoid similar
problems in related products produced on the same production line.

Key words: production engineering, mechanical engineering technology, quality
management, FMEA, PFMEA

Resumo

Um dos métodos de gestdo da qualidade mais populares € o FMEA (modo de falha e anélise

de efeitos), que é usado para analisar o risco de defeitos no produto ou processo a fim de
elimina-los antes mesmo que ocorram. Sua implementacdo efetiva reduz os custos de
eliminacdo de defeitos, que aumentam exponencialmente nos processos subsequentes de
implementacdo do produto. FMEA é mais frequentemente usado onde produtos altamente
complexos sdo fabricados ou onde a producdo é um processo de varias etapas e muitos
departamentos estdo envolvidos. O objetivo do artigo era usar o PFMEA para avaliar a
qualidade das guias de janela e melhorar sua qualidade. Esta analise foi realizada com base
nas reclamacGes do principal parceiro comercial e ajudou a indicar a causa principal da
reclamacdo, identificar as acBes corretivas e verificar a eficacia das acbes corretivas
propostas. A andlise ajudou a evitar problemas semelhantes em produtos relacionados
produzidos na mesma linha de producéo.

Palavras-chaves: Engenharia da producdo; Engenharia mecéanica; Gestdo da qualidade;
FMEA; PFMEA

Resumen

Uno de los métodos de gestion de calidad mas populares es FMEA (modo de falla y analisis
de efectos), que se utiliza para analizar el riesgo de defectos en el producto o proceso para
eliminarlos incluso antes de que ocurran. Su implementacion efectiva reduce los costos de
eliminacion de defectos, que aumentan exponencialmente en los procesos posteriores de
implementacién del producto. EI FMEA se utiliza con mayor frecuencia cuando se fabrican
productos muy complejos o donde la produccién es un proceso de varias etapas y muchos
departamentos estan involucrados. El objetivo del articulo era utilizar el PFMEA para evaluar
la calidad de las guias de ventana y mejorar su calidad. Este andlisis se llevo a cabo en base a
las quejas del socio comercial principal y ayudd a indicar la causa principal de la queja,
identificar las acciones correctivas y verificar la efectividad de las acciones correctivas
propuestas. El analisis ayudé a evitar problemas similares en productos relacionados
producidos en la misma linea de produccion.
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Palabras clave: ingenieria de produccion, tecnologia de ingenieria mecanica, gestion de
calidad, FMEA, PFMEA

1. INTRODUCTION

Enterprises cannot lag behind in terms of the resources they have, the technologies they
use, or the products they manufacture. The competition is looking for new solutions, and
customer requirements are constantly changing. Technological progress leads to the
development of new technologies, machines, equipment, and new better materials. Enterprises
need to grow and improve in order to follow the rest of the world. Otherwise, they risk going
out of business (Krynke et al., 2014; Kotus et al., 2013).

There is a close link between quality and improvement, which is expressed in the
concept of Total Quality Management (TQM) which states that every time a way can be
found to achieve higher quality of the production process at a lower cost. It is believed that a
higher quality of the production process can and must be achieved by improving both internal
and external quality. Addressing nonconformity and problems in internal processes leads to
cost minimization, and is therefore the main objective in the improvement of the internal
quality of the production process. The improvement of external quality is aimed at the
external business partners, in order to increase their satisfaction, which in turn leads to a
larger market share and thus to higher profits (Kardas et al., 2017; Pribulova et al., 2011).

With the emergence of TQM, new concepts were developed that have grown in
importance over time, including Six Sigma, Lean Production, and Business Process
Reengineering. In the literature on the evolution of quality management, there was a transition
from quality towards excellence (Klefsjo et al., 2008). Therefore, enterprises are looking for
new solutions, ways to improve, which will allow for continuous improvement.

Many tools can help improve production processes and the products manufactured
during these processes. One of them is FMEA (Failure Mode and Effects Analysis). As
analyses have shown, 3 out of 4 nonconformities in production and use can be prevented at
the design stage. Analyses can be carried out for a product, individual subassemblies or
structural elements of the product, and the entire technological process or any operation
within the process. This method makes it possible to assess the consequences of potential or
existing nonconformities and identify their causes and has a preventive effect by providing
preventive or corrective solutions (Ulewicz et al., 2019; Klimecka-Tatar and Ingaldi, 2020;
Panyukov et al., 2020).
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The main objective of the FMEA method is to regularly identify individual product
and/or process defects and to eliminate or minimize their effects. This can be achieved by
establishing the causal relationships of potential product defects taking into account risk
factors. This allows for continuous improvement of the product and/or process through
regular analysis and making corrections to eliminate the causes of defects and improve
product properties (Fabis-Domagata J. et al., 2019a; Fabis-Domagata J. et al., 2019b).

The aim of the article was to use the FMEA method, or its modified version PFMEA,
to assess the quality of produced window guides to improve their quality. This analysis was
carried out based on complaints submitted by the main business partner. The analysis made it
possible to indicate the main cause for the complaint, identify the corrective actions, reduce
the risk associated with it, and check the effectiveness of the proposed corrective actions. The
analysis allowed for avoiding similar problems in related products, which are stamped during

a similar process in the enterprise studied.

2. THEORETICAL FRAMEWORK

FMEA (Failure Mode and Effects Analysis) is also known by other names such as
FMECA (Failure Mode and Criticality Analysis) and AMDEC (Analys des Modes de
Defaillace et Leurs Effets) and represent a method of regular prevention of defects. It allows
for defining actions to minimize the risk of their occurrence (Yang et al., 2015; Czajkowska,
2015).

The method was developed in the mid-1960s during the development and preparation
of the Apollo-Saturn space flight program by NASA. NASA's new projects concerned
complex structures and required the design of reliable products that would meet all the
requirements. No mistakes that would lead to unsuccessful flights (and, worse still, to
enormous costs and danger for the astronauts) were acceptable. In the 1970s, it began to be
used in the nuclear and then in the automotive industry. Nowadays, it has grown into the most
popular and most frequently used method in all industrial sectors where customers require
high-quality products and processes (Krejci, et al., 2019; Baynal et at., 2018; Najafpour et al.,
2017; Ehman and Kifor, 2016; Knop, 2017)

The inspiration for the development of FMEA was the observation that about 75% of
all errors occur in the production preparation phases. Their detectability is low and increases
during final inspection and product use. The aim of the FMEA is to identify defects in detail
and analyze all nonconformities that occur in a product or process. The effective
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implementation of the method reduces the costs of elimination of defects, which increase
exponentially in subsequent processes of product implementation (Su et al., 2014; Liu et al.,
2015; Aized at al., 2020; Sotoodeh, 2020).

There are several modifications to the FMEA method. The first is the design FMEA
called DFMEA for short. It is performed at the initial stage of the design and helps collect a
lot of information about product weaknesses, which are often the cause of damage during
product use. In this case, the criterion for the analysis is the functional properties during use
of the whole product, its components, or parts. DFMEA is particularly recommended at the
time of implementation of any innovations in companies such as products, materials, and
technologies. It is also used for new applications of already existing products when there is a
risk of danger to people and the surroundings in case of failure, and operation of the product
in very difficult conditions (ljesh et al., 2016; Dulska et al., 2017; Chi et al., 2020).

There is also a process FMEA, abbreviated PFMEA. This analysis provides
opportunities to identify factors that hinder the fulfillment of technological requirements or
may negatively affect the organization of the production process. It is used already at the
initial stage of the process design. The criterion for PFMEA analysis is the logistical or
technological process flow during assembly and machining operations, procedures, and
activities (Szkoda, 2012; Banduka et al., 2018; Banduka et al., 2016; Johnson and Khan,
2003; Mascia et al., 2020).

The analysis based on the FMEA method is carried out in three stages (Hamrol, 2017):

1. preparation,
2. conducting the analysis itself,
3. introduction and supervision of the preventive measures.

At the preparation stage, the objectives, functions, and scope of FMEA analysis are
defined. A team consisting of representatives of departments interested in its results, e.g.
construction office, production, quality, and customer service departments, is also appointed.
Product users (recipients of the services) can be also included in the team. Furthermore, an
expert in a specific field can be invited to join the team. The leader is responsible for the
organization and managing the team’s work (Hamrol, 2017; Lee et al., 2017).

The main part of the analysis is performed at the second stage of the FMEA project. It

consists of the following phases (Hamrol, 2017):
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indication of failures (problems) that may become apparent during the use of the
product or during the process,

— determination of the effects and causes of the failures (problems) identified earlier and
the control and monitoring methods currently in use that allow the defects or problems
to be detected,

— establishing the relationships between the failure, effect and cause,

— assignment of the numerical values (severity (S), probability (P) and detection (D)) to
the above-defined relationships,

— calculation of risk priority number (RPN),

— evaluation of a critical risk priority number (RPNQ).

Indices S, P, D can take values from 1 to 10 (Table 1-3). The team often uses check
sheets, Pareto analysis, and other tools for the initial analysis of these data. It is also based on
warranty repair reports, inspections, and the experience of designers and production
engineers. The team should evaluate numbers based on the reliability data of similar designs
or the frequency of failures in the process or a similar process (Szkoda, 2012; Zammori and
Gabbrielli, 2012).

Table 1
Severity (S) - interpretation [33]

Evaluation | Evaluation criterion Description of the evaluation

1 Very small A minor defect that has no real effect on the operation of the device or
system. The customer is unlikely to notice the defect.

2,3 Small A small defect causing only slight customer dissatisfaction. The customer
is likely to experience a slight deterioration in product quality.

4,56 Average A defect that causes some customer dissatisfaction. The customer
experiences discomfort or is upset by the defect, notices deterioration in
work.

7,8 Big High degree of customer dissatisfaction caused by a significant failure of

the product. The defect does not violate the operational safety of the
product or administrative regulations.

9 Very big High user dissatisfaction, very high repair costs due to the breakdown of
the entire product or component.
10 Huge The significance of the entire defect is very high, the defect may endanger

the customer's safety or violate the law.

Source: Zymonik, Z., Hamrol, A., Grudowski, P. (2013). Zarzadzanie jakosScig i
bezpieczenstwem. Warszawa, PL: PWE
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Tabele 2
Probability (P) - interpretation [33]

Evaluation Coefficient of possibility of Evaluation criterion
occurrence
1 <1 per 106 Improbable
2 1 per 20000 Very unlikely
3 1 per 4000 Unlikely
4 1 per 1000 Very small probability
5 1 per 400 Small probability
6 1 per 80 Significant probability
7 1 per 40 Very significant probability
8 1 per 20 Repeatable
9 1 per 8 Almost inevitable
10 1 per2 Inevitable

Source: Zymonik, Z., Hamrol, A., Grudowski, P. (2013). Zarzadzanie jakoS$cig i
bezpieczenstwem. Warszawa, PL: PWE

Table 3
Detection (D) - interpretation [33]

Evaluation Evaluation Description of the evaluation
criterion

1,2 Sure It is very unlikely that the defect will not be fully detected before the
product leaves the manufacturing process. Automatic control of 100%
elements, installation of security are needed.

3,4 Big chance It is unlikely that the defect will not be detected before the operation is
completed. The defect is evident here, a few defects may not be
detected.

56 Possible The probability that the defect will not be detected before the operation
is completed is average. Additionally, manual control is difficult.

6, 8 Unlikely It is possible that the defect will not be fully detected. Subjective
evaluation not possible in terms of random sampling.

9,10 Very unlikely or It is very possible that the defect will not be fully detected. The point is

impossible

not controlled. The entire defect is invisible.

Source: Zymonik, Z., Hamrol, A., Grudowski, P. (2013). Zarzadzanie jakoS$cig i
bezpieczenstwem. Warszawa, PL: PWE

The multiplication of the indices S, P, D yields the risk priority number. The product of

the partial evaluations varies between 1 and 1000. The higher the rate, the greater the

"criticality” or "risk" of the cause or failure (Hamrol, 2017; Lolli et al., 2015). The team also

specifies the priority number RPNq indicating the limit between critical and other failures.

Critical failures are considered to be those with the numbers greater than a fixed limit number

and for which preventive action should be taken (Szkoda, 2012).
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In the third stage, preventive or corrective actions are defined. They are aimed to

(Hamrol, 2017):
— eliminate and minimize the likelihood of failures,
— reduce the significance of a specific failure to a minimum,
— increase the probability of detection of a given failure.

First and foremost, the focus should be on preventing failures rather than on finding
and correcting them. Each corrective action should be assigned a person responsible for the
implementation. Deadlines should also be specified for the implementation of preventive
measures (Lancucki, 2001; Liu et al.2013).

3. METHODOLOGY

The research was conducted at the request of the managers of a company. The company
manufactures metal parts for the automotive industry and home appliances using stamping
technology. To meet the needs of its business partners, the company implemented an
integrated management system based on ISO TS 16949 and 1SO 9001.

Despite the use of the integrated management system, preparation of specific
procedures, and strict control, there have been numerous complaints from the main business
partner for some time. The complaints concerned the exceeding of length tolerance for the
guide section from one hole to another (43+/- 0.02). In February, the complaint was repeated.
To improve relations with the business partner, the company delivered the ordered products
and scraped those defective. However, the employees were unable to find the cause. The
problem was difficult to detect because it occurred randomly. The standard production
inspections every hour often failed to reveal any deviations, but there were faulty products
between the individual inspections which could only be detected using 100% quality control.

The managers asked the authors for help in improving the quality of manufactured
products. The authors were to choose a research method, but also participate in the analysis as
members of a six-person research team.

The research was conducted on the basis of data obtained from the complaints of
product: Motor Support Assy RH/ LH window guide. The data was from 2018 (main
analysis) and 2019 (re-calculation of RPN). A six-person research team, including all authors
and 2 people from the research enterprise, was created.

The paper presents an analysis of the problem using the PFMEA method. The analysis
aimed to eliminate the problem in the product studied and in related products. The defect was
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analyzed based on an external complaint received by the Quality Department from one of the
customers.

At the beginning all defects were listed. Effects and causes of these defects were
indicated. Next, severity (S), probability (P) and detection (D) were indicated according to
Tables 1-3. On the basis of those three number, risk priority number for each defect was
calculated. The critical number of RPNq was defined as 100. For defects with RPN over 100
corrective measures were proposed and implemented. After this implementation RPN was re-
calculated to check if the corrective measures helped to improve the process.

In order to confirm the obtained results, the manufactured details were additionally
controlled. The control was carried out by four different operators, concerned different

product parameters. The results obtained by all operators were compared.

4. PRESENTATION AND DISCUSSION OF RESULTS
A PFMEA analysis was carried out for the Motor Support Assy RH/ LH window guide.
The process of the production of window guides was adopted as a criterion of the analysis
including all its stages (from the delivery of the raw material from which the guide is made to
obtaining the finished product). Packaging products into cardboard boxes was also included.

All activities were illustrated using the PFMEA sheet as shown in Table 4.

Table 4
A PFMEA analysis for the Motor Support Assy RH/ LH window guide
— N Y—
g, 8 § o .,do_) b 2 I é zZ
g L > o o© %) 8 o o c £ @) o
& S 3 QL o 2 ) S o
[ = b g S ° O g
— Incorrect width 6 2 2 24
o .=
o2 Incorrect Problems during . Constant/
o= . Supplier
= § thickness production ° PP ? random i
og Poor quality 6 2 2 24
Incorrect setting 2 parts per
=2 Form point/ axis hour checked 48
E_ misalignment by the
S o Installation Incorrect order/ operator;
72 Shape e . .
2 g difficulties or incorrect Twice a day, 2 48
= 2 (blue dots) . L .
2 = infeasibi-lity stamping parts should be
§v Shape Worn die or checked by the 48
a (yellow dots) stamp Quality
Identification Incorrect Department 32
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sequence or axis
alignment
Location 4 3 4 18
©0.2 AB
Location Worn die or
0.2 AB 4 stamp 3 4 48
(2x)
@ 9.5 (+0+01) 4 3 4 48
4 (+0+0.5) 4 2 4 32
Location
@ 0.4 ABC 4 2 4 32
Perpercl)dllcjularlty 4 ) 4 32
@7.1 (+0-0.5 .
()((3) ) 7 Incorrect setting 2 4 32
point, incorrect
@55 (+0-0.2) 4 order 2 4 32
(x3)
Logitfn 7 2 4 | 32
2.5 (+0.3-0)
(x3) 4 2 4 32
3.5 (+/-0.2) 4 2 4 32
. . Incorrect
Dimention 43 7 | sequenceoraxis | 5 7 245
(+/-0.2) .
alignment
@8 (+0+0.1) 7 2 4 56
Location Incorrect setting
0.2 DEF 4 point/ axis 2 4 32
Location misalignment
©0.2 DE 4 2 4 32
Screws 7 Incorrect 3 4 84
identification
Additional force 4 mark/ 3 4 48
human error
Thread g | Worndieor 4 | 48
stamp
Lack of
. F?o.or . I._OSS c_)f . 4 regularity in 2 3 24
identification confidentia-lity .
checking
Container for
£ Incorrect damaged .
> . Damaged parts 4 4 Pre-shipment 5 80
8 packing goods/not the inspection
8 original layers P
Incorrect re rtljézlgs(i): or No packing
. P . g 4 | instruction atthe | 2 3 24
packaging changing
. workplace
packaging

Source: own study
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The team conducted the analysis in a problem-based way. They analyzed only selected
areas (raw material supply, progressive stamping process, packaging). The scope of the
analysis was defined based on the complaint from the customer. Then the failures, their
effects and causes for the specified defects were indicated. Relationships between each other
were established. The table columns S, P, D were filled. It is particularly noteworthy that the
entire possible scale was not used for these indices. For S and D indices, a maximum value of
7 was assigned and for P the maximum was 5. Then the RPN indicator was calculated. The
authors also defined the critical number of RPNq at 100 for each defect.

It turned out that only the priority number for dimension 43 (+/-0.2) exceeds the critical
number RPNq by 145 units. For this reason, corrective actions were specified for this
dimension, with a responsible person assigned and a deadline set for their implementation.
The actions described were evaluated in the same way as before. The new RPN no longer
exceeded the critical level of RPNq, which brought the expected results, i.e. reduction of the

risk of recurrence of the defect of the analyzed product (Table 5).

Table 5
Extended PFMEA analysis for a selected defect
Defects _ Responsible o
Corrective measures person and date Description S|P|D|RPN
analysed .
of execution
Dlmjgsmn Sensors notifying about the Tool room, The use of material 21al3| sa

(+-02) workpieces in the chutes 26/10/2019 flow sensors in chutes

Source: own study

Based on the PFMEA analysis, aimed to avoid such problems in related products
stamped during a similar process, the team introduced corrective actions. The tool room staff
were assigned the task of installation of sensors notifying about the accumulation of
workpieces in the chutes. The sensors were designed to stop the machine and thus the entire
production process when the parts jammed against the chute and were deformed.

Four operators were designated to check each stamped part for one month for
dimensions included in the PFMEA by means of a gauge and record the results in an
inspection record. Other dimensions of the workpiece were also analyzed. Tables 6 and 7

demonstrate that the sensors proved effective.
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Table 6
Entry in the record from the last day of workpiece inspection
Parameters Operator 1 Operator 2 Operator 3 Operator 4
Location @ 0.2 AB OK OK OK OK
Location @ 0.2 AB OK OK OK OK
(2x) @ 9.5 (+0+01) OK OK OK OK
4 (+0+0.5) OK OK OK OK
Location
@ 0.4 ABC OK OK OK OK
Perpendicularity 0.1 J OK OK OK OK
@ 7.1 (+0-0.5)(x3) OK OK OK OK
@5.5 (+0-0.2)(x3) OK OK OK OK
Location 0.4A OK OK OK OK
2.5 (+0.3-0) (x3) OK OK OK OK
3.5(+/-0.2) OK OK OK OK
Dimention43
(+-02) OK OK OK OK
@8 (+0+0.1) OK OK OK OK
Location
@ 02 DEF OK OK OK OK
Location @0.2 DE OK OK OK OK
Source: own study
Table 7
Summary of records from the inspection record
Parts Operator 1 Operator 2 Operator 3 Operator 4
inspected 4000 4332 4068 4264
defective 2 5 1 0
correct 3998 4327 4067 4264

Source: own study

The use of sensors proved to be a very effective way to eliminate the problem and

yielded the expected results. The sensors enabled the operators to do their job properly,

without having to constantly pay attention to whether the workpieces are transported from the

press to the boxes correctly. There have been no new complaints about the window guides

since the introduction of the solution.

5. CONCLUSION

The FMEA method is a very widely used quality management method. It is particularly

effective in the analysis of complex products or processes. A single product, its subassembly,

part of the process (e.g. single operation), and the entire technological process can be
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analyzed using this analysis. The method is particularly useful at the design stage, where risks
are assessed for design alternatives. The weaknesses of the entire process or product are
evaluated and proposals for improvements are made. Particular emphasis is placed on the
nonconformity and defects that occur most often or have the greatest impact on the entire
process.

The article uses a modification of this method (PFMEA) to assess the quality of the
window guides in order to improve their quality, and in particular to assess individual stages
of these products. The analysis was performed due to the increased number of complaints
from the main partner concerning this product. The main production problem was identified
and then preventive measures were proposed to reduce the risks associated with this problem.
Tool room employees were designated to install sensors to stop the machine when the parts
jammed against the chute and were deformed.

It can be stated that the proposed corrective actions improved the quality of the window
guides, but also improved the quality of other products manufactured on this production line.
This was indicated by the RPNq level and the results of an inspection by four operators.

It should be noted that the correctly performed FMEA analysis and its complete
documentation provide all evidence of the company's ability to provide services and
manufacture products of high and stable quality. It should be stressed, however, that FMEA is
a tool that should not be expected to generate ready-made solutions on how to eliminate the
causes of defects. It gives an indication as to which places in the product, construction, or
process are critical and why this is the case.

Improving the quality of supplied products has a positive effect on any company.
Relationships with customers affect the resulting costs. Every external complaint involves a
huge financial outlay: sorting already manufactured goods to find other defective parts or
stopping production in the worst case are only some examples of such problems. The
documented problem solving makes the supplier a reliable partner for the recipients to

cooperate with.
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