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Abstract: In this paper, a fuzzy failure mode and effects analysis (FMEA) method is proposed by
combining fault theory and a failure analysis method. The method addresses the problem of board
thickness control failure and the problem of thickness deviation defect blanking, which can occur
during continuous hot pressing (CHP) process, which is one of the most important processes in
the production of medium-density fiberboard (MDF). The method combines the fault analysis with
the Hamming code method and using the Hamming code to calculate and represent the cylinder
array of the continuous hot-pressed thickness control execution unit to analyze and process the
potential fixed thickness failure modes in MDF hot press production, and then summarizes the
decision rules for controlling the board thickness and the level of sheet deviation. By combining the
fuzzy FMEA method of the Hamming code and the logical OR operation of the experimental analysis,
the method of thickness deviation and recognition control fault information for the CHP of MDF,
which is proposed in this paper, permits the increase of the number of error levels, which makes
optimization for controller more convenient and improves the efficiency to recognize errors.

Keywords: MDF; fuzzy FMEA; continuous hot pressure; deviation recognition

1. Introduction

Medium-density fiberboard (MDF) is the second most popular (12.3 million m3 in 2017)
wood-based composites in the manufacture of furniture and interior decoration in Europe [1],
and is an excellent alternative to a range of natural wood panels due to the excellent mechanical
properties and desired physical features. In the production of MDFs, wood fiber and glue at
640–800 kg/cm3 density are used [2]. The production of MDF involves the application of hot pressing
using various heat processing temperatures (155 ◦C, 165 ◦C, and 175 ◦C) for different time durations
(2.5 h, 3.5 h, and 4.5 h) [2]. With the introduction of the continuous hot-pressing (CHP) technology
in Germany in the beginning of the 1970s, productivity was increased, and good surface qualities
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were achieved [3]. Hot pressing is the most crucial process in the production of MDF [4], and it is
essential to achieve the required quality of MDF. CHP is a process wherein the raw wood board is
subjected to the application of temperature and pressure in order to achieve moisture evaporation,
while in the process, the density increases, the glue solidifies, and the raw material undergoes physical
and chemical changes. As a result, the bonding force between fibers is formed [5]. The MDF slab is
pressed to a required thickness under pressure. The resulting quality of the MDF depends on the slab
formation. Due to steam pressure during CHP, thickness deviations can arise as in thicker MDF slab
areas, the steam cannot be released under the constant pressure [6]. Thickness is the principle element
of achieving high-quality MDF. As a result, multiple research efforts are done to solve the thickness
control problem for MDF CHP systems [7–9].

A continuous flat press is the core equipment of the entire MDF production line [10]. Quality
control is an essential part of the manufacturing process [11,12]. The production capacity and product
quality of the entire MDF production line are directly affected by the accuracy and reliability of
its operation and control. The needs to support the requirements of scale and manufacturing
intensification, as well as to maintain the quality control of the board thickness deviation of the
continuous flat pressing (CFP) process and to ensure the continuous and reliable operation of the press
have become a core issue of the MDF manufacturing industry. The MDF hot press forming process is
to compact the fluffy mat of fibers by applying pressure; at the same time, the adhesive is solidified,
and a compaction and adhesion point is formed between the fiberboard by heating, thereby forming a
certain thickness [5].

FMEA is a reliability management method generally employed in different industrial applications
to assure the security and reliability of systems and services [13]. FMEA is more arbitrary for the
analysis of the level of the failure mode of MDF. The result is not very accurate [14]. This will cause the
failure mode analyzed to be too one-sided and difficult to correct [8].

To overcome these problems, this paper proposes to fuse the original FMEA method through the
theory of fuzzy mathematics and obtain a new fuzzy FMEA method to judge the deviation grade of
MDF accurately. It relies on consistent judgment of the deviation pattern of the sheet surface. The data
used in this paper are sampled data from laboratory sensors. The FMEA system is analyzed by fuzzy
mathematics and the fuzzy matrix method, and different FRPN values are calculated. FRPN is the
fuzzy risk priority number according to the FMEA’s judgment standard; the RPN is the only criterion
for judging the FMEA failure mode level [9]. In view of the above problems, this paper starts with
fault diagnosis control and uses the failure mode and impact analysis (FMEA) to analyze theoretically
the possible failure mode of the continuous flat press. Through the FRPN determination of the fuzzy
FMEA method, the deviation degree of the continuous hot pressing process of the medium-density
fiberboard is more accurately determined, and the specific deviation mode is compared with the sensor
sampling data calculated by the Hamming coding, while the medium-density fiberboard is compared
with the verification method. The consistency judgment of the deviation level is made.

Therefore, this paper proposes to use fuzzy FMEA method to identify and diagnose the deviation
of continuous heat pressing of MDF. Our contributions are summarized as follows:

(1) The deviation grade information of continuous heat pressing of medium-density fiberboard
analyzed by the fuzzy FMEA method is more accurate than the original FMEA method.
For comparison, the decision matrix logic OR operation result of the Hamming coding analysis is
used to verify the proposed method.

(2) Through the fuzzy FMEA method used to analyze the deviation level information, the solution
can be found more quickly and the problem can be corrected and rectified in time.
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2. Methodology

2.1. Related Work

Primarily, an FMEA uses ordinal subjective scores to capture risk information. One type of
proactive risk assessment technique is failure modes and effects analysis (FMEA). The area of Fuzzy
FMEA research has become more and more extensive in recent years. Nie et al. [15] presented
a quantitative risk analyzing method that integrated the interval type-2 fuzzy sets (IT2FSs) with
FMEA. Wu et al. [16] stated that while the FMEA can find possible failures and calculate the
risk priority number (RPN), the IT2FSs can deal better with the ambiguity and vagueness of the
linguistic assessment of experts. Qin et al. [17] combined IT2FSs with the evidential reasoning
(ER) method in order to deal with uncertainties more efficiently. An event of an oil spill from a
ship was used to showcase the applicability of the suggested method with regard to the damage
to the marine environment [18]. In [19], fuzzy-grey correlation analysis was employed for safety
risk assessment of a mine to prevent industrial mining accidents. A similar solution was adopted
in [20] for controlling cyber-physical-systems (CPS) in coal mine tunnels. Seiti et al. [21] extended
a pessimistic-optimistic model of fuzzy belief structure (FBS) for fuzzy evidential FMEA problems.
Aiming to evaluate the proposed method, they applied it to the fuzzy and crisp Dempster–Shafer
theory (DST) structure. Liu et al. [22] studied an FMEA process for fishing vessels as a case study,
and the results were compared with the risk-free mode. McElroy et al. [23] used FMEA for detailed
process mapping, identification, and ranking of possible failure by adopting the risk probability
number (RPN). Fattahi and Khalilzadeh [24] modified FMEA by replacing RPN with fuzzy-weighted
RPN (FWRPN), and after computing FWRPN for each failure, the identified failures were eliminated
or corrected. Li and Chen [25] extended FMEA by integrating FBS and the grey relational projection
method (GRPM) to replace RPN, thus overcoming its limitations. Shafiee et al. [26] suggested a
combined FTAand FMEA model for performing risk analysis of safety-critical systems, which used
the weights based on Birnbaum’s measure of importance to revise RPNs. Fang et al. [27] proposed to
combine variable precision rough numbers and the prospect theory as a new method for FMEA that
was capable of dealing with vague information. Wu et al. [16] used the Hamming tree to analyze the
obtained code bits. Firstly, different fault modes were analyzed, then the deviation level threshold was
defined, and the deviation level was divided. Secondly, the collaborative board thickness correction
diagnosis method was established, and the control fault information expression and decision mapping
were performed. Chen and Deng [28] extended the FMEA model with Dempster–Shafer (DS) evidence
theory and the grey relational projection approach.

Here, we employ the FMEA technique to improve the deviation of MDF continuous hot pressing.
To achieve this aim, we propose a failure mode and effect analysis (FMEA)-based method for the
deviation and identification of MDF continuous hot pressing.

2.2. MDF Processing Mechanism

The processing mechanism of MDF is usually divided into three parts according to the length of
the press: the fast closing part, the spacing holding part, and the constant thickness part, as shown in
Figure 1. Depending on the slab material, slab thickness, and density requirements, the spacing of the
hot board has different settings [29]. The combination of the pitch setting curve and the actual pitch
curve reflects the pressure of the slab in the press. In the interval maintaining portion, the thickness
of the slab is highly variable, so it is necessary to adjust the spacing of the hot pressing plates near
the exit of the hot press, thereby setting the thickness of the slab and stabilizing its thickness [30].
Usually, considering the rebound characteristics of the slab, the pitch setting of the fixed thickness
section should be slightly smaller than the set slab thickness value.

Through the above MDF type mechanism analysis, it can be known that the continuous flat hot
pressing system has a complicated process control mechanism, which brings difficulty for accurate
control of the slab thickness, especially when there is a deviation between the real thickness and the
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set thickness of the slab. Note that the dimensions of the MDF board are determined using the ISO
16895:2016 standard. The slab thickness correction needs to be achieved through a reasonable and
effective control mechanism. The control of slab thickness is an important part and is always related
to the final quality of the production [31]. The failure mode of the fixed thickness section is also
an important part of the deviation control of the MDF fixed thickness section. The impact of different
failure modes on the quality of medium-density fiberboard products and the high yield pass rate are
predicted in advance. By analyzing the failure mode of the fixed thickness section, the corresponding
code position can be obtained, and the principle of the Hamming code is used to control the deviation
level. For the deviation control of MDF, this study integrates the FMEA failure mode expression into
the Hamming tree coding analysis method to achieve the MDF fixed thickness deviation control.
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Figure 1. Medium-density fiberboard (MDF) hot pressing pressure trend curve.

The hot pressing mechanism shown in Figure 1 takes 37 sets of cylinder arrays as an example and
analyzes the hot pressing pressure changes in three different regions and states. From the trend in the
figure, it can be seen that Groups 1–6 are a low pressure area, and after 6 groups, the pressure is flat as
a pressure holding area, while the pressure needs to be increased because the board needs to be given
a thickness when entering the high pressure area.

2.3. FMEA of Continuous Hot Pressing

FMEA is one of the common methods for the reliability analysis and preventive design of
products [32]. It aims to identify possible failures in the product design process and equipment design
phase and then analyze the failure modes of each component to find a way to influence the previous
level and even the system. FMEA analysis is a program that analyzes the cause of the failure by
analyzing all possible failure modes of the system to determine the impact of potential failure modes
on personnel safety, system functions, maintenance measures, etc., which is a positive preventive
approach [33]. FMEA is a quality control method that reflects the concept of prior prevention and
control. The application worldwide shows that most of the quality defects can be solved by applying
the FMEA analysis method, helping the enterprise to reduce the risk of the potential failure of the
product effectively, thereby scientifically and systematically solving the quality problem and helping
the enterprise to improve the production quality.

FMEA is one of the analytical methods used for safety evaluation. Its basic principle is to divide
the system into components or elements, then analyze the potential failure modes of the equipment
components, the factors of the failure, and the consequences, and finally, develop corresponding
control measures based on the evaluation results. FMEA divides the system or device into functional
failure levels, reasonably summarizes the potential failure modes of the entire system or equipment
organizational units, and ranks the risk according to the severity of the consequences of the failure to
determine preventive compensation measures for the system or equipment and improve the reliability
of the system or equipment [15]. The risk priority number (RPN) is calculated by evaluating the
equipment failure severity (S), the degree of occurrence (O), and the degree of detection (D). RPN is
the product of severity (S), the degree of occurrence (O), and degree of detection (D). It is a way to
evaluate risk. The size of RPN can indicate the magnitude of the risk [34]. The severity (S) indicates the
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effect of the failure mode on the consequences; the degree of occurrence (O) indicates the probability
of the occurrence of the failure; and the degree of detection (D) indicates the difficulty of detecting the
failure mode. The scoring criteria for O, S, and D are shown in Table 1.

Table 1. Three parameters O, S, and D scoring criteria of Fuzzy Failure Mode and Effects
Analysis (FMEA).

Occurrence (O) Severity (S) Detection (D) Rating

Faults rarely occur Normal, only weakly affecting
certain components

The probability of failure to
detect is low

2, 3

Occasionally, the device can run The overall performance is reduced Occasionally, it is not detected 4, 5, 6

Failure occurs often The function of the device is
basically lost

The probability of failure to
operate is high

7, 8

Failure occurs inevitably Equipment damage The probability of not being
detected is extremely high

9, 10

The core factor of FMEA is RPN, which is the only evaluation standard for determining the failure
mode. The calculation formula of RPN is:

RPN = S ·O · D (1)

In mathematical terms, points can be lines, and lines can be surfaces. Therefore, five points can
determine a line through which we can determine its trend. In this way, the range of deviation grades
of MDF can be preliminarily determined in this way. The results of the preliminary judgment are
four types of failures: two types of slopes, depressions, and bulges. The system analyzes the failure
mode and influence of MDF continuous hot pressing [35–37]. It is assumed that the operating state
of the press is normal, and there is no fault. We analyze the influence of different control modes on
the pressure cylinder. The defects and deviations of the plates are analyzed as follows: At present,
only the fixed thickness section is studied, and the error state of the sensor itself is ignored to analyze
the failure mode of the MDF continuous hot pressing section. There are four categories of defects for
the board: slopes (two types of slopes on the left and right slopes), depressions, and bulges. The four
types of failure modes are analyzed and decided. Each type of deviation is divided into five types.
The basis for the division of A, B, C, D, and E is based on the deviation of the thickness of the MDF
continuous hot pressing section. The classification of the light, medium, and heavy grades is based on
the sheet defects and failure modes of the sheet surface. A, B, C, D, and E represent different grades of
the same failure mode, which are light, moderate, and severe, and the light refinement is divided into
A and B, while the severe is divided into C and D. The basis of classification is the judgment criteria
presented in Table 1. The surface defects of the MDF continuous hot board of the FMEA’s mode are
shown in Figure 2.
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Figure 2. MDF’s FMEA grade analysis chart.

In this paper, five sensors will be used as the pressure matrix array combined output matrix
mode, and the cylindrical array is shown in Figure 3. The Hamming code can detect up to two
bits of error or correct a bit error without detecting an uncorrected error by adding a check digit to
the data bit. According to the failure mode analysis of the above-mentioned MDF continuous hot
pressing FMEA table, the four kinds of deviation levels obtained by the FMEA analysis are designed
as follows, and each matrix corresponds to one failure mode. In the matrix, 0 represents the pressure
output, and 1 represents the displacement output. The matrix contains the level of deviation and the
sensors. The data generated in this article are sample data from five sensors of the laboratory’s Grecon
equipment. The Hamming code of MDF deviation information is obtained by sampling data of the
sensor, as shown in Table 2. The number 0 represents pressure control, and the number 1 represents
displacement control. By adjusting the control mode of 6 groups of cylinders, the effect of correcting
the deviation is achieved. The matrix is the level of the MDF continuous hot pressing level.
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Figure 3. Cylinder array combined output matrix mode.

M0,S =


0 1 0 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0

 MA,1 =


0 1 0 0 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0


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MA,2 =


0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0

 MA,3 =


0 1 0 0 0
0 1 1 0 0
0 1 1 0 0
0 1 0 0 0
0 0 0 0 0



MA,4 =


0 1 1 0 0
0 1 0 0 0
0 1 1 0 0
0 1 0 0 0
0 0 0 0 0

 MA,5 =


0 1 0 0 0
0 1 0 0 0
0 1 1 0 0
0 1 1 0 0
0 0 0 0 0



MB,1 =


0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0

 MB,2 =


0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0



MB,3 =


0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0

 MB,4 =


0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0



MB,5 =


0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0

 MC,1 =


0 0 0 0 0
0 1 0 0 0
0 1 0 0 0
1 1 0 0 0
1 1 0 0 0



MC,2 =


0 0 0 0 0
0 1 0 0 0
0 1 0 0 0
1 1 1 0 0
1 1 0 0 0

 MC,3 =


0 0 0 0 0
0 1 0 0 0
1 1 1 0 1
0 1 1 0 0
0 0 0 0 0



MC,4 =


0 0 0 0 0
0 1 0 0 0
1 1 1 0 1
0 1 1 0 0
0 1 0 0 0

 MC,5 =


1 1 0 0 0
1 1 0 0 0
1 1 0 0 0
0 1 0 0 0
1 0 1 0 0



ME,1 =


0 0 0 0 0
0 1 0 0 0
0 1 0 0 1
1 1 1 0 1
1 1 1 0 1

 ME,2 =


0 0 0 0 0
0 1 0 0 0
0 1 0 1 1
1 1 1 0 1
1 1 1 0 1



ME,3 =


0 0 0 0 0
1 1 1 0 1
1 1 1 0 1
1 1 1 1 1
0 0 0 0 0

 ME,4 =


0 0 0 0 0
0 1 0 0 1
0 1 0 0 1
1 1 1 0 1
1 1 1 0 1



ME,5 =


1 1 1 0 1
1 1 1 0 1
0 1 0 0 0
0 1 0 0 1
0 0 0 0 1


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The final decision matrix is calculated by Equation (2), where X represents the actual error level
and s represent the sensor’s index.

M f inal = or(MX,s)X=[A,E];s=1,2,3,4,5 (2)

2.4. Fuzzy FMEA-Based MDF Continuous Pressing

This paper refers to the method of fuzzy calculation in [22]. This method is used to solve the
evaluation of the shipboard integrated power system. It is similar to the method used in this paper
to solve the problem of the quality control of the CHP process of MDF. This method can be applied
to solve similar problems. Therefore, this article cites this method for the research in this article.
The equations for applying the article’s method are listed below:

rj =
3
∑

k=1
rjk

πjk = rjk/rj

H(rj) = −
3
∑

k=1
πjk ln πjk/ ln 3

(3)

where rjk is the evaluation of expert j linked to the kth performance index and rj and Hrj are the total
scores and entropy score for an expert. Then, the total entropy and the entropy weights of expert
reliability can be set using:  Ee =

M
∑

j=1
H(rj)

θj = H(rj)/Ee

(4)

Suppose Xj is the credibility weight coefficient, which is assigned by taking into account the
system familiarity, membership qualifications, and assessment environment. Correspondingly, the total
credibility score of the expert, which is expressed as the normalized sum of the entropy and qualitative
weights, is given by:

hj = (θj + Xj)/(
M

∑
j=1

+Xj) (5)

The expert evaluations of the trapezoidal fuzzy number defined by three risk factors with regards
to the failure mode are expressed as Sij = (SL

ij, SM1
ij , SM2

ij , SU
ij ), Oij = (OL

ij, OM1
ij , OM2

ij , OU
ij ), respectively.

As a result, the final fuzzy evaluations of risk factors related to the ith failure mode can be defined as:

Si =
M
∑

j=1
hjSij =

(
M
∑

j=1
hjSL

ij,
M
∑

j=1
hjS

M1
ij ,

M
∑

j=1
hjS

M2
ij ,

M
∑

j=1
hjSU

ij

)

Oi =
M
∑

j=1
hjOij =

(
M
∑

j=1
hjOL

ij,
M
∑

j=1
hjO

M1
ij ,

M
∑

j=1
hjO

M2
ij ,

M
∑

j=1
hjOU

ij

)

Di =
M
∑

j=1
hjDij =

(
M
∑

j=1
hjDL

ij,
M
∑

j=1
hjD

M1
ij ,

M
∑

j=1
hjD

M2
ij ,

M
∑

j=1
hjDU

ij

) (6)
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Let ωSj = (ωL
Sj, ωM

Sj , ωU
Sj), ωOj = (ωL

Oj, ωM
Oj, ωU

Oj), and ωDj = (ωL
Dj, ωM

Dj, ωU
Dj) be triangular fuzzy

values of the relative importance scores of three risk factors as done by an expert [28]. Next, the final
fuzzy values of the risk factor weights can be expressed as:

ωS =
M
∑

j=1
hjωSj = (

M
∑

j=1
hjω

L
Sj,

M
∑

j=1
hjω

M
Sj ,

M
∑

j=1
hjω

U
Sj)

ωO =
M
∑

j=1
hjωOj = (

M
∑

j=1
hjω

L
Oj,

M
∑

j=1
hjω

M
Oj,

M
∑

j=1
hjω

U
Oj)

ωD =
M
∑

j=1
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(7)

The fuzzy RPN is set as the fuzzy-evaluated geometric mean of three risk factors as follows:

exp

[
3

∑
λ=1

(ωλ ln Rλ)/
3

∑
λ=1

ωλ

]
(8)

Since Rλ and ωλ are fuzzy numbers (λ = 1, 2, 3), they cannot be calculated directly. The alpha-level
set theory is adopted to compute the fuzzy number, which can be defined as:

FRPN = ∑
α

[
(FRPN)L

α , (FRPN)U
α

]
(9)


(FRPN)L

α = exp
[

3
∑

λ=1
((ωλ)

L
α ln(Rλ)

L
α)/

3
∑

λ=1
(ωλ)

L
α

]
(FRPN)U

α = exp
[

3
∑

λ=1
((ωλ)

U
α ln(Rλ)

U
α )/

3
∑

λ=1
(ωλ)

U
α

]
 (10)

where α is the confidence level and
[
(FRPN)L

α , (FRPN)U
α

]
is the alpha-level set of the fuzzy RPN.

To perform the defuzzification of the fuzzy RPN, we adopted the centroid defuzzification,
which is described as:

X0(FRPN) =
∫

x.µFRPN(x)dx/
∫

µFRPN(x)dx (11)

where x0(FRPN) and µFRPN(x) are the defuzzified values and fuzzy membership functions of
RPNs. Here, we approximate the precise membership functions for MDF continuous not pressing.
The information described by Equations (3)–(11) is to calculate the fuzzy RPN using fuzzy trigonometric
functions and confidence weights. In this paper, the deviation level from the process quality control
analysis of the MDF continuous hot pressing process and, finally, the deviation expert entropy and
weight of the MDF continuous hot pressing process are expressed as the above Equation (3), where rjk
is the expert j score related to the performance index of the deviation level of the MDF hot pressing
process, rj and Hrj are the total score and entropy value in the expert system after the evaluation of this
deviation level, and then, the total entropy value and the judgment of the deviation level result can be
determined separately. The entropy weight is Equation (4). Finally, through the derivation process
of the above equations, it is currently impossible to calculate the fuzzy number, so it is necessary to
introduce the set theory; the confidence is the fuzzy RPN, and

[
(FRPN)L

α , (FRPN)U
α

]
the level set.

The centroid deblurring number method is used to calculate the deviation level RPN value generated
during the continuous hot pressing of MDF.

3. Experiments and Analysis

3.1. RPN Compared with FRPN

Through the calculation of the above algorithm equations, the calculated FRPN value corresponds
to 20 kinds of MDF continuous hot pressure deviation levels, and the deviation level data in the



Appl. Sci. 2020, 10, 4627 10 of 19

continuous hot pressing process of MDF are calculated by the above-mentioned calculated fuzzy
FMEA method, wherein FM indicates all the deviation levels after using the fuzzy FMEA method;
the FRPN results are calculated according to the RPN values, and the final FRPN result is shown in
Table 2.

The simulation results of FPRN calculated by the fuzzy FMEA method used in the third part
applied to the continuous hot pressing of medium-density fiberboard are shown in Figure 4.

We show the construction of the simulation model of the decision system with Simulink 9.3 (part
of MATLAB R2019a, MathWorks, Natick, MA, USA) in Figure 5. The model includes five detection
channels. Each channel has a sensor for detecting the system output. They are separately denoted as S5,
S4, S3, S2, and S1. The errors drive the sub-decision matrices through ECW. Moreover, the final decision
matrix is the result of the logical operation OR(A, B) of the sub-decision matrices. The procedure is
achieved in nuclear synergy. The principle method is shown in Figure 5.

Table 2. The severity (S), degree of occurrence (O), and detectability (D) of the fuzzy scores of
continuous hot pressing of MDF.

FM (S) (O) (D) RPN FRPN

FM1 2 4 6 48 25.2190
FM2 4 4 6 96 60.3515
FM3 6 8 6 288 230.7936
FM4 4 2 6 48 25.2190
FM5 8 4 6 192 160.3515
FM6 2 4 6 48 25.2190
FM7 3 4 6 72 35.6736
FM8 6 4 6 144 100.6581
FM9 6 6 4 144 100.6581
FM10 8 6 6 288 230.7936
FM11 2 4 6 48 25.2190
FM12 3 5 6 90 55.1305
FM13 4 4 6 96 60.3515
FM14 6 4 6 144 100.6581
FM15 8 4 6 192 132.7936
FM16 2 4 6 48 25.2190
FM17 3 6 6 108 75.8755
FM18 4 4 6 96 60.3515
FM19 6 6 4 144 100.6581
FM20 8 6 6 288 230.7936
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Figure 4. Numerical comparison of MDF continuous hot pressing process deviation grades,
risk probability number (RPN) and fuzzy risk probability number (FRPN).
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Error from: Mark error level 
and coding ECW

Recognition error level 
based on hamming code

OR operation to output 
final decision matrix

S5

S5
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S5

S5

OR

Error 5

Error 4

Error 3

Error 2

Error 1

S5 Error state

S4 Error state

S3 Error state

S2 Error state

S1 Error state

S5 decision

S4 decision

S3 decision

S2 decision

S1 decision

M final

ECW5

OR operation

ECW4

ECW3

ECW2

ECW1

M5

M4

M3

M2

M1

Figure 5. Decision model with three detection channels driven by error data. ECW—error correction word.

3.2. ECW of MDF Continuous Hot Pressing

Due to the similarity of the data in FRPN, the deviation mode values of the two modes or more
are the same, and it is difficult to distinguish which specific mode is specified. The FRPN data results
shown in Table 3 show that the FRPN values of FM8, FM9, FM14, and FM19 were the same and could
not be determined as a specific fault mode. Therefore, the DS evidence theory was used to determine
the values between zero and one for the unique sensor strategy values and RPN values, and the values
were set by the expert group.

Table 3. The Dempster-Shafer (DS) evidence theory analysis of the fuzzy FMEA of MDF.

Chwila Sensor Strategy (m1) RPN (m2)

FM8 0.80 0.20
FM9 0.09 0.70

FM14 0.01 0.05
FM19 0.10 0.05

In order to find the synthesis rule m(12), we first find the value of the normalization
coefficient 1− K.

1− K = ∑
B∩C 6=ϕ

m1(B) ·m2(C) (12)

According to Equation (12), the value of 1− K in Table 3 can be calculated.

1− k = m1(FM8) ·m2(FM8) + m1(FM9)
·m2(FM9) + m1(FM14) ·m2(FM14)
+m1(FM19) ·m2(FM19)

The calculated value of 1− K is 0.2015; hence, we evaluate the mass function for each hypothesis
after the composition.

(1) FM8’s combined function value of the mass: m1 ⊕ m2({FM8}) = 1
1−K ∑

B∩C={FM8}
m1(B) ·

m2(C) = 1
1−K ·m1({FM8}) ·m2({FM8}) The calculation result is 0.394.

(2) FM9’s combined function value of the mass: m1 ⊕ m2({FM9}) = 1
1−K ∑

B∩C={FM9}
m1(B) ·

m2(C) = 1
1−K ·m1({FM9}) ·m2({FM9}) The calculation result is 0.313.

(3) FM14’s combined function value of the mass: m1 ⊕m2({FM14}) = 1
1−K ∑

B∩C={FM14}
m1(B) ·

m2(C) = 1
1−K ·m1({FM14}) ·m2({FM14}) The calculation result is 0.00248.
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(4) FM19’s combined function value of the mass: m1 ⊕m2({FM19}) = 1
1−K ∑

B∩C={FM19}
m1(B) ·

m2(C) = 1
1−K · m1({FM19}) · m2({FM19}) The calculation result is 0.2481. According to the

normalization of FM8, FM9, FM14, and FM1, the mode of this deviation level is FM9.

3.3. MDF Hamming Coding

The deviation information of the MDF sheet is calculated by using the Hamming coding method.
For sensor Ss, code the error level bits string Bes into ECW Ws. The bit numbers of Bes and Ws are
separately NBs and Ws. They should satisfy Equation (13). It is also more than NWs. Standard B0

is constant. Actual error level string Bes is variable and reflects the real error condition, but is not
transferred. Therefore, it is not necessary to receive an NBs + NWs bit Hamming code for nuclear
synergy. ECW NWs with bits is enough for the decision. It is learned from Equation (13) that transferring
the object is ECW NWs with bits, but the number of error levels NBs NWs does not grow with NBs in a
logarithmic function, e.g., not linear. It is shown in Figure 6a, within a certain limit, that employing
ECW to represent error data permits the increase of the error levels’ number. It makes the optimization
of the controller more convenient. More detection channels are appended to the increasing tendencies
of NBs and NWs with Ss. The usage of ECW reduces the bit numbers of representation and operation.
It is beneficial for not only saving hardware resources to transfer and calculate, but also improves
efficiency in recognition. Obviously, in any case, to develop control performance, refining error levels
or appending an efficient operation flocking system, the number of sensors increases. For Ss and also
satisfying Equation (13). Figure 6b shows the error from the five sensors.

NBs + NWs + 1 ≤ 2NWs (13)
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Figure 6. (a) Comparison of the number of error levels and coded error data in the channel.
(b) Increasing tendencies for various modes.

3.4. Self-Coordination and Mutual Cooperation of the MDF Continuous Hot Press Cylinder

The set of reference inputs for three detection channels are sine signals. These signals mean that
errors are time-variable. Their frequency, amplitude, and bias were separately 1.256, 0.5, and 0.5.
The phases were different and set separately as 0, 1.775, and 7.85. The input error signals constructed
are shown in Figure 7. The errors should be zero, as the output of the terminals is set to one. At most
sampling points, errors from different channels belong to different error levels. This should generate
identifiable ECWs and drive relevant sub-decision matrices.
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Figure 7. Reference inputs of channels with sensor 1 (S1), S2, S3, S4, and S5.

The synergy relation of the flocking system is shown in Figure 8. Terminals in a common ellipse
compose a synergy unit. They are self-synergetic if their output modes are the same, otherwise they are
inter-synergetic. Furthermore, in a common unit, the displacement of the terminal outputs is always
the primary one. Terminals marked 23, 33, and 43 always act in Mode 1, which means they output
displacement. Terminals act in Mode 0 to output pressure.

11 12 13 14 15

21 22 23 24 25

31 32 33 34 35

41 42 43 44 45

51 52 53 54 55

S5

S4

S3

S2

S1

Frame

T
rack

Figure 8. Hierarchical synergy corrections.

In Figure 9, we set the thickness of the load to 9 mm. The experimental load was conveyed to
pass the thickness detection sensors. Ttest represents the thickness test value of S1 to S5. Eact represents
the error range generated by the five deviation levels. Error correcting word (ECW) represents the
deviation Hamming code analysis result of the five deviation levels. The sensors collect actual thickness
values and submit the data to calculate errors. The collected data are listed in Equation (14). Actual
errors are calculated according to Equation (15). The actual errors from Sensors 5 to 1 are separately
shown for Level 5, Level 4, Level 3, Level 2, and Level 1. The ECW is as Equation (16) and Figure 10.
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Displacement 

output of cylinder

Thickness of 
viscoelastic load

Pressure direction
15mm

8mm

0mm

Figure 9. Thickness of the viscoelastic load and output of the cylinder.

Ttest_S5 = 9.5 mm
Ttest_S4 = 9.4 mm
Ttest_S3 = 9.3 mm
Ttest_S2 = 9.2 mm
Ttest_S1 = 9.1 mm

(14)



Eact_S5 =
(Ttest_S5− Tset)

Tset
= 5.56%⇒ V < Eact_S5 < IV

Eact_S4 =
(Ttest_S4− Tset)

Tset
= 5.13%⇒ IV < Eact_S4 < I I I

Eact_S3 =
(Ttest_S3− Tset)

Tset
= 4.41%⇒ I I I < Eact_S3 < I I

Eact_S2 =
(Ttest_S2− Tset)

Tset
= 3.82%⇒ I I < Eact_S2 < I

Eact_S1 =
(Ttest_S1− Tset)

Tset
= 3.34%⇒ 0 < Eact_S1 < I

(15)



ECW5 = 0110
ECW4 = 0010
ECW3 = 1010
ECW2 = 1011
ECW1 = 1010

(16)

The units are separately presented in mm and bar. The output surfaces are shown in Figure 10.
Errors from the sensors were eliminated. Pressure output values with the same displacement
output were different so as to have the displacement outputs of flocking terminals present favorable
consistency because viscoelasticity was unevenly presented at the surface of the load in Figure 11.
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Figure 10. ECWs coded as system errors.
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Figure 11. Pressure output surface of flocking terminals.

As the results showed, the 20 kinds of deviation levels were divided into four types, and each
type was divided into five deviation levels, namely A, B, C, D, and E. There were two types of slopes:
left side slope and right side slope. Corresponding to different level correction methods respectively,
the RPN value of the left mild slope A level was 48, the OR operation calculation result was M01,
and the nearest value could be judged as the deviation type of FM4. The RPN value of the left mild
slope B level was 96; the OR operation calculation result was M02; the nearest value could be judged as
the deviation type of FM4. The RPN value of the left moderate slope C level was 288; the OR operation
calculation result was M03; the nearest value could be judged as the deviation type of FM1. The RPN
value of the left heavy slope D level was 48; the OR operation calculation result was M04; the nearest
value could be judged as the deviation type of FM3. The RPN value of the right heavy slope E level
was 48; the OR operation calculation result was M05; the nearest value could be judged as the deviation
type of FM3.

The RPN value of the right mild slope A level was 48; the OR operation calculation result was
M06; the nearest value could be judged as the deviation type of FM6. The RPN value of the right mild
slope B level was 72; the OR operation calculation result was M07; the nearest value could be judged
as the deviation type of FM6. The RPN value of the right moderate slope C level was 144; the OR
operation calculation result was M08; the nearest value could be judged as the deviation type of FM9.
The RPN value of the right heavy slope D level was 144; the OR operation calculation result was M09;
the nearest value could be judged as the deviation type of FM7. The RPN value of the right heavy
slope E level was 288; the OR operation calculation result was M10; the nearest value could be judged
as the deviation type of FM7.

The RPN value of the light depression A level was 48; the OR operation calculation result was
M11; the nearest value could be judged as the deviation type of FM20. The RPN value of the light
depression B level was 108; the OR operation calculation result was M12; the nearest value could be
judged as the deviation type of FM20. The RPN value of the moderate depression C level was 96; the
OR operation calculation result was M13; the nearest value could be judged as the deviation type of
FM18. The RPN value of the heavy depression D level was 144; the OR operation calculation result
was M14; the nearest value could be judged as the deviation type of FM17. The RPN value of the heavy
depression E level was 288; the OR operation calculation result was M15; the nearest value could be
judged as the deviation type of FM17.

The RPN value of the mild bulge A level was 48; the operation calculation result was M16;
the nearest value could be judged as the deviation type of FM12. The RPN value of the mild bulge
B level was 90; the operation calculation result was M17; the nearest value could be judged as the
deviation type of FM12. The RPN value of the moderate bulge C level was 96; the operation calculation
result was M18; the nearest value could be judged as the deviation type of FM13. The RPN value of
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the heavy bulge D level was 144; the operation calculation result was M19; the nearest value could be
judged as the deviation type of FM14. The RPN value of the heavy bulge E level was 192; the operation
calculation result was M20; the nearest value could be judged as the deviation type of FM14.

M01 =


0 1 0 0 1
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0

M02 =


0 1 0 0 1
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0



M03 =


0 1 1 0 1
0 1 1 0 1
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0

M04 =


0 1 0 0 1
0 1 1 0 1
0 1 0 0 1
0 1 0 0 1
0 1 0 0 0



M05 =


0 1 0 0 1
0 1 1 0 1
0 1 0 0 1
0 1 0 0 1
0 1 0 0 0

M06 =


1 1 0 0 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0



M07 =


1 1 0 0 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0

M08 =


1 1 0 0 0
1 1 1 0 0
1 1 0 0 0
0 1 0 0 0
0 1 0 0 0



M09 =


1 1 0 0 0
1 1 1 0 0
1 1 0 0 0
0 1 0 0 0
0 1 0 0 0

M10 =


0 1 0 0 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0
0 1 0 0 0



M11 =


0 1 0 0 0
0 1 1 0 0
1 1 1 0 0
0 1 0 0 0
0 1 0 0 0

 M12 =


0 1 1 0 0
0 1 0 0 0
1 1 0 0 0
1 1 0 0 0
0 1 0 0 0



M13 =


0 1 0 0 0
0 1 1 1 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0

M14 =


0 1 0 0 0
0 1 1 1 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0



M15 =


0 1 0 0 0
0 1 1 1 0
0 1 1 1 0
0 1 0 0 0
0 1 0 0 0

M16 =


0 1 0 0 0
0 1 1 1 0
0 1 1 1 0
0 1 0 0 0
0 1 0 0 0



M17 =


0 1 0 0 0
0 1 1 1 0
0 1 1 1 0
0 1 0 0 0
0 1 0 0 0

 M18 =


0 1 0 0 0
0 1 1 1 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0


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M19 =


0 1 0 0 0
0 1 1 1 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0

 M20 =


0 1 1 1 0
0 1 1 0 0
0 1 1 0 0
0 1 0 0 0
0 1 0 0 0


4. Conclusions

We proposed a fuzzy failure mode and effects analysis (FMEA) method, which combined fault
theory and a failure analysis method. The method addressed the problems of board thickness control
failure and thickness deviation defect blanking, which could occur during the continuous hot pressing
process during the production of medium-density fiberboard (MDF). The method combined the fault
analysis with the Hamming code method in order to calculate and represent the cylinder array of
the continuous hot pressed thickness control execution unit to analyze and to process the potential
fixed thickness failure modes in continuous hot pressing during the production of MDF and then
summarized the decision rules for controlling the board thickness and the level of sheet deviation.
By combining the fuzzy FMEA method of the Hamming code and the logical OR operation of the
experimental analysis, the proposed method to represent error data permitted the increase of the
number of error levels, which made the optimization of the controller more convenient. This was
beneficial for not only saving hardware resources to transfer and calculate, but also for improving the
efficiency to recognize errors.
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