
Received July 22, 2019, accepted August 6, 2019, date of publication August 9, 2019, date of current version August 22, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2934189

A Hybrid Multilevel FTA-FMEA Method for a
Flexible Manufacturing Cell Based on
Meta-Action and TOPSIS
XIAOGANG ZHANG 1, YULONG LI 1, YAN RAN 1, AND GENBAO ZHANG1,2
1State Key Laboratory of Mechanical Transmissions, Chongqing University, Chongqing 400044, China
2School of Mechanical and Electrical Engineering, Chongqing University of Arts and Sciences, Chongqing 402160, China

Corresponding author: Yan Ran (ranyan@cqu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 51835001 and Grant 51575070, and in
part by the Jiangsu Province Science and Technology Achievements Transformation Special Fund Project under Grant BA2017099.

ABSTRACT Fault analysis activity is very important for a flexible manufacturing cell (FMC) in the
development phase. Fault tree analysis (FTA) and fault mode and effects analysis (FMEA) are widely used
for fault analysis. However, they are time-consuming and expensive when fully implemented. In this paper,
we propose an improving hybrid multilevel FTA-FMEA method that is the combination of the above two
methods. The proposed method has a clear three-layer analysis structure. In the first layer, a system FTA
of the FMC is performed to determine the functional fault modes. Then, FMEA is conducted to examine
them and the key functional fault modes are selected by criticality analysis. In the second layer, we perform
the FTA of the determined key functional fault modes to find out the meta-action/component fault modes.
The bottom events of fault trees in this layer show differences due to the subsystems with different features.
Same as the first layer, FMEA is conducted subsequently and criticality analysis is also used to determine
the key meta-action/component fault modes. In the last layer, we perform the FTA of the determined key
meta-action/component fault modes to find out fault causes. Then, the key fault causes are determined by
criticality analysis. Risk priority number (RPN) is usually used to determine the priority ranking in criticality
analysis, while its calculation way is slightly naïve. In this paper, we use the technique for order preference
by similarity to ideal solution (TOPSIS) method to examine the priority ranking of fault modes/causes.
Moreover, we consider the correction cost as the fourth indicator to assess the priority. The improving fault
analysis method can not only help designers better understand the new FMC but also help decision makers
make better decisions. At last, a real FMC as a case is presented to illustrate the proposed method.

INDEX TERMS Flexible manufacturing cell, fault analysis, FTA-FMEA, TOPSIS, meta-action.

I. INTRODUCTION
Although the traditional automated manufacturing tech-
nology has high production efficiency, it cannot meet the
demand of short-cycle, multi-variety and small-volume pro-
duction. On-demand production mode puts higher demands
on the manufacturing capabilities of enterprises. As some
companies bring flexibility into manufacturing system to
meet the competitive markets, the flexible manufacturing
system (FMS) emerges. Maccarthy and Liu [1] classified
flexible manufacturing systems (FMSs) into four categories:
a single flexible machine (SFM), a flexible manufacturing
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cell (FMC), a multi-machine flexible manufacturing sys-
tem (MMFMS), and a multi-cell flexible manufacturing sys-
tem (MCFMS). The four categories are differentiated by their
structural forms. Compared with FMSs, flexible manufactur-
ing cells (FMCs) need lower investment and cost. They are
preferred by middle-small enterprises with limited capital.
In addition, FMCs can be easily integrated into a larger
FMS at a lower cost when the scale of a company expands.
A typical FMC is usually composed of several processing
machines, robots and material handling subsystem.

In recent years, FMC being capable of offering desired
flexibility attracts lots of attention [2]–[7]. Most of researches
focus on the layout and scheduling problem. Although rea-
sonable cell layout and optimized scheduling algorithms can
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improve the performance of an FMC, reliability also plays
an important role. For instance, Savsar and Aldaihani [8]
developed a stochastic model to analyze the reliability of an
FMCwith twomachines served by a robot. Hamasha et al. [9]
presented a stochastic model to analyze the reliability of an
FMC with a single conveyor, a single robot and one or more
machines. Nevertheless, the key point of the research is about
the operational reliability of FMC. Formanufacturing compa-
nies of FMCs, it is necessary to ensure the inherent reliability
of products.

In this paper, we propose a hybrid multilevel fault anal-
ysis method combining fault tree analysis (FTA) method
with fault mode and effects analysis (FMEA) method to
improve the inherent reliability of FMCs. The proposed
method can help users to perform fault analysis more effi-
ciently. It mainly has three key ideas. The first key idea is
that different subsystem of the FMC has different analysis
level. In general, when we perform the fault analysis of a
complex system, we need decompose it into some subsys-
tems and then decompose subsystems to smaller levels. Until
the smallest analysis layer is obtained, the decomposition
work is completed. In this paper, we think the decomposition
of the mechanical subsystem should be different from the
traditional decomposition method. We use the meta-action
layer proposed by Prof. Zhang as the smallest decomposition
layer of the mechanical subsystem instead of the traditional
component layer. The concept of meta-action is illustrated in
the Section II-C. The second key idea is to use the FTA and
FMEA method alternately. The last key idea is to optimize
the criticality ranking way in FMEA. The criticality in the
traditional FMEA is ranked by risk priority numbers (RPN).
In this paper, we use the technique for order preference by
similarity to ideal solution (TOPSIS) method to conduct the
criticality ranking.

II. LITERATURE REVIEW
In this section, we give the literature review of the main
technologies in the proposed method. The review of FTA
and FMEA is introduced in Section II-A and Section II-B
respectively. Section II-C reviews the concept of meta-action
and Section II-D reviews the TOPSIS method.

A. FAULT TREE ANALYSIS
FTA is a top-down fault behavior investigation method pro-
posed by Watson at Bell Laboratories in 1962. A typical
fault tree (FT) is a logical graph composed by events and
logic gates and the analysis objects usually are undesired
faults or disaster events (top event). As an important tool for
safety and reliability analysis, FTA method is also widely
used in various fields. Liu et al. [10] used the FTA method
to analyze the reliability of the brake system. Jin et al. [11]
used the FTA method to assess the electric field exposure
in the whole substation. Jetter et al. [12] established the FT
of refrigerant exposures used for automotive air-conditioning
to estimate the number of service technicians and vehicle
occupants in the United States. To analyze the dynamic

system such as soft system, Kabir et al. [13] extended a
fault tree to a temporal fault tree (TFT). Ammar et al. [14]
also focused on the TFT and proposed a new FTA method
that is based on statistical model checking to circumvent the
state explosion problem. Joshi et al. [15] proposed a prior
robustness approach for the Bayesian implementation of the
FTA and used in two real-life fields: a spacecraft re-entry
and a control system. Ruijters and Stoelinga [16] investigated
over 150 papers on the FTAmethod and presented an in-depth
review of the state-of -the-art in FTA. In this paper, we use
the FTAmethod repeatedly to perform the fault analysis of the
FMC. The FTA is conducted in system level, subsystem level
and meta-action/component level. Similarly, Hu et al. [17]
also used the FTA to diagnose the faults of manufacturing
systems.

B. FAULT MODE AND EFFECTS ANALYSIS
Fault mode and effects analysis (FMEA) is an inductive,
non-structured and bottom-up method. It has been proven
to be a valuable early fault preventative method which can
prevent faults from reaching the customers. Traditionally,
it is performed by a diverse team comprised by people from
different departments. The analysis action of FMEA starts
at the component level to get the potential fault modes and
examine consequences of these fault modes on the higher
level. It can be extended to fault mode, effects and criticality
analysis (FMECA).

Nowadays, many scholars have devoted themselves to the
study of FMEA. Liu et al. [18] investigated 75 FMEA aca-
demic journal articles published from 1992 to 2012. They
divided the methods in those literature into five main cate-
gories: multi-criteria decision making (MCDM), mathemat-
ical programming (MP), artificial intelligence (AI) hybrid
approaches and others. Khorshidi et al. [19] proposed a new
data-driven approach to assess the failure behavior and reli-
ability of a large system by FMECA. Sinha and Steel [20]
presented a progressive FMECA method used in the offshore
wind farm. They analyzed the peculiarity of the offshore
wind farm in United Kingdom and then made a slight mod-
ification of the existing FMECA method to improve the
efficiency and accuracy of analysis. Carpitella et al. [21]
combined the reliability analysis and MCDMmethod to opti-
mize maintenance activities of the complex system. They
performed the FMECA at first, and then applied the fuzzy
TOPSIS (FTOPSIS) method to rank the identified failure
modes. Certa et al. [22] proposed a comprehensive fault
analysis method that is the combination of Dempster-Shafer
(DS) theory and FMECA method to deal with the epistemic
uncertainty. Deng et al. [23] studied the vulnerability of sub-
way system by network theory and FMECA. Liu et al. [24]
used GO methodology to enhance FMECA in a qualitative
and quantitative way. By analyzing the existing research of
FMEA/FMECA, we find that the main purpose of those
research is to improve the traditional FMECA by alleviating
those shortcomings. Most of researches focus on improving
the calculation way of RPN. In this paper, we focus on not
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only the improvement of RPN, but also the analysis form
of FMEA. We propose a hybrid fault analysis method that
is the combination of FTA and FMECA method. There are
also some similar studies about the combination of the two
approaches. For instance, Peeters et al. [25] proposed a more
efficient approach by recursively combining FTA and FMEA.
They used the system-function-component decomposition
method and conducted the fault analysis by FMEA and FTA
at every level. Azadeh et al. [26] considered feedbacks of the
market in the FTA to determine product faults and defective
components. Then, they integrated the FTA and design fault
modes and effects analysis (DFMEA) to improve product
configuration and meet the costumer’s demands. However,
they did not consider improving the RPN which is the critical
index in FMEA.Moreover, the uniqueness of each subsystem
is also not considered.

C. META-ACTION
Themeta-action concept proposed by Zhang et al. [27] is used
to model the assembly reliability initially. Then, Li et al. [28]
and Ran et al. [29] presented the definition of themeta-action:
the action that has the relatively independent controllable
and analyzable structure, has the ability to achieve a certain
motion target or to achieve a certain goal, and cannot be
decomposed into other actions. Zhang et al. [30] revised the
definition of meta-action as the elementary mode of motion
that can transmit the movement and momentum in a mechan-
ical system. They limited the application of meta-action in
mechanical system and defined meta-action unit (MU). Due
to the applicability to mechanical system, the meta-action
is widely used in reliability analysis of mechanical product.
Li et al. [31] studied the error propagation mechanism of the
meta-action assembly unit. Yu et al. [32] proposed a novel
definition of failure mode for mechanical systems based on
meta-action. Li et al. [33] studied the reliability and modal
of the key meta-action in computerized numerical control
(CNC) machine tool. Literature [34] presented a progressive
reliability allocation method for CNC machine tool based on
meta-action.

D. FAULT TREE ANALYSIS
TOPSIS as an effective multicriteria decision making method
was proposed by Hwang in 1981 [35]. The key point of the
method is the construction of the positive ideal solution (PIS)
and the negative ideal solution (NIS) for the target to be
evaluated. The ranking of these projects is determined by the
distance of each project from the PIS and NIS. The calcula-
tion process of TOPSIS is easily understandable because it
can be presented in a simple mathematical form [36].

Many studies of TOPSIS have been developed in recent
years. Chen and Hwang [37] first used the fuzzy number to
construct the fuzzy TOPSIS (FTOPSIS). Chu and Lin [38]
extended the FTOPSIS method by interval arithmetic of
fuzzy numbers. Kumar and Garg [39] developed an extended
TOPSIS method based on the connection number of set pair
analysis (SPA). The new TOPSIS can calculate the relative

closeness of sets of alternatives that are applied to get the
ranking order of the alternatives. Rostamzadeh et al. [40]
developed an integrated fuzzy MCDM method based on the
TOPSIS method to evaluate the sustainable supply chain risk
management. Garg and Arora [41] developed a nonlinear
programming model to solve multi-attribute decision-making
problems. In the proposed method, the fractional program-
ming models based on TOPSIS are constructed to get a
relative coefficient interval. Pei et al. [42] presented a fuzzy
linguistic multiset TOPSIS for linguistic decision making.

III. HYBRID MULTILEVEL FAULT ANALYSIS METHOD
In this paper, we proposed a hybrid multilevel fault analysis
method by using FTA and FMEA repeatedly. The analysis
starts at the system level and ends up with the fault mecha-
nism level. The flowchart of the proposed method is shown
in Figure 1. The key idea of the proposed method is to use the
advantages of FTA and FMEA to perform the fault analysis
more efficiently and reasonably.

A. THE ANALYSIS LEVEL OF THE PROPOSED METHOD
As shown in Figure 1, the proposed method has a three-level
analysis structure: the system level, meta-action/component
level and fault mechanism level. The analysis level indicates
the depth of fault analysis. The analysis activities from the
system level to the fault mechanism level are gradually deep-
ening, which can help us understand the relationship between
each fault mode and system fault. Through layer-by-layer
analysis, potential fault modes and causes can be found to
the greatest extent.

In the first analysis level, we can get the functional fault
mode set of FMC by FTAmethod. The system fault is caused
by the functional faults of these subsystems which are caused
by the functional faults of the equipment. Then the FMEA of
the determined functional fault modes is performed to help
the enterprise improve design. The determined key functional
fault modes are considered as the starting point of the second
analysis level. FTA is also performed at first in this layer and
FMEA on its heels. The results of the second analysis level
are somemeta-actions/components fault modes which are the
origins of the last layer. FTA and FMEA are performed in
the same way as the above two levels. The difference is that
the FMEA in the last layer may be no longer a traditional
FMEA (more explanation in Section III-B). At last, we can
get the possible fault mechanismwhich is the deepest analysis
level.

Compared with the traditional fault analysis method, the
three-layer structure fault analysis method has understand-
ing hierarchy, systematization and easy operability. It is the
greatest possible to find out all the failure modes by the
FTA-FMEA method in the upper two layers and the fault
causes in the last layer. In addition, the criticality analysis by
TOPSIS (See Section III-D) can help analysts obtain critical
failure modes and causes, which will save analysis time and
cost.
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FIGURE 1. Flowchart of the hybrid multilevel fault analysis method of FMC.

B. FTA-FMEA METHOD
The first fault analysis technology in the proposed method
is FTA method. It is a structural and deductive method to
investigate fault behavior. The analysis target in FTA is the
undesired fault state also called top event. The main purpose
is to find all the possible fault causes of the top event namely
basic events. Some transitional events in the fault tree (FT)
are defined as the intermediate events. There are also two
events: diamond or undeveloped event and conditional event
in the FT. More details of definitions of these events see [43].
The FTA method has many advantages. For instance, strict
inference rules can help the analyst understand the system
in great depth; the clear and understandable structure can
help the person unfamiliar with the system to master the
system quickly. However, the FTA method also has some
shortcomings when used to analyze a new complex system:
the construction of FT is difficult; the top events are not
easy to determine; the analysis activity is time-consuming and
expensive; quantitative analysis cannot be performed due to
the lack of data in the system development phase.

The second fault analysis technology is FMEA method.
As a non-structural inductive method, it can identify the
potential fault modes and examine their effects on the higher
level. In design phase, it can help the designers understand the
product, choose the reasonable components and improve the
design. Although the principle of FMEA is easy to grasp,
the implementation is cumbersome and time-consuming.
Shortcomings of the traditional FMEA method see [18].

In this paper, we use the two fault analysis methods repeat-
edly to present a clearer and more efficient fault analysis
method. The fault of an FMC is treated as the top event of
the FT in the first analysis stage. The basic events in the
first FT are mainly the functional fault modes which are also

the fault causes of the top event. The first FTA is used to
determine the functional fault modes and present the system
structure of the FMC. The FMEA is performed to examine
these functional fault modes and identify the key ones. The
process of building the first FT gives a good interpretation
of the FMC for the designers. In Figure 1, the top events
of the fault trees (FTs) in the second analysis level are the
key functional fault modes determined by criticality analysis
in the first analysis level. While, the basic events of these
FTs show different types because of the different functional
fault modes. For the functional fault modes of the mechanical
subsystem, the results are the meta-action fault modes. For
the electronic subsystem, the results are the component fault
modes. In this paper, we just consider the two subsystems
and the other subsystem such as software subsystem is not
involved. In the last stage, the FTA is conducted to find out
the fault mechanism of these key fault modes. Compared to
the traditional use of the FTA method, the construction of the
FT in the proposed method is more targeted and efficient due
to the use of FMEA in every stage.

The FMEA is performed after using the FTA method
in each analysis level. It includes three parts: fault mode
analysis (FMA), fault effects analysis (FEA) and criticality
analysis (CA). The FMA and the FEA are performed as
same as the traditional way, while the CA is different. In the
traditional CA, risk priority number (RPN) is used to assess
the criticality of the fault modes. It is determined by three
indicators: effect severity ranking (S), occurrence probability
ranking (O) and detection difficulty ranking (D). Severity (S)
refers to an assessment of the severity of the effect of a
potential failure mode on the next higher-level component,
subsystem or system. Its level is in general ranked from
1 to 10, where 1 represents the slightest effect and
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10 represents the worst effect. Occurrence (O) refers to the
probability of fault mode occurring. Its level is also ranked
from 1 to 10, where 1 represents theminimum probability and
10 represents the maximal probability. Detection (D) refers
to the possibility that the estimated fault mode is detected.
Although its level is also ranked from 1 to 10, the meaning
is contrary to S and O, where 1 indicates the highest degree
of certainty and 10 indicates the lowest degree of certainty.
The RPN is calculated by multiplying the three indicators
(RPN = S × O × D). In general, the larger value of RPN
means the higher priority of the fault mode. However, the cal-
culation way of RPN by multiplying the three indicators with
the same importance is slightly naive. For instance, consider-
ing two fault modes with the same RPN value 80 (S×O×D),
one is calculated by 8×5×2 and another is calculated by
2×5×8. When the occurrence levels of the two fault modes
are the same, the severity ranking of the first fault mode is 8,
which means that this fault mode is critical and should be
more concerned despite the lower detection ranking. In this
paper, we treat the calculation of RPN as a multiple attribute
decision problem. In addition, we add the correction cost as
a new indicator when determining the fault mode ranking.
The TOPSIS method is used to solve the multiple attribute
decision problem.

When the criticality analysis is completed, we can deter-
mine the key fault modes which should be treated as the top
events of FTs in the next analysis level. The number of key
fault modes is determined by a certain threshold set by the
analyst. If the threshold is too large, the analysis activity in the
next level will greatly increase. If the threshold is too small,
some key fault modes may be neglected. Thus, a reasonable
threshold is very important for the whole analysis activity.

C. META-ACTION
FMC is a complex system composed by some subsys-
tems such as mechanical subsystem, electrical subsystem
and hydraulic subsystem. The mechanical subsystem plays

the role of basic carrier. Compared to other subsystems,
the mechanical subsystem has the following characteris-
tics. 1) Dependency between the parts. The function of the
mechanical subsystem is realized by the interaction of parts.
The faults of the parts are not independent; 2) Insufficient
fault data. There are many non-standard parts in the mechan-
ical subsystem. It is impossible to obtain enough data through
experiments like electronic components. Especially for some
large-scale expensive CNC machine tools, it is expensive to
carry out reliability tests to obtain fault data; 3) Numerous
parts. The number of parts in the mechanical subsystem is
usually numerous. Due to these characteristics of themechan-
ical subsystem, subjective expert data is more used to per-
form the quantitative fault analysis of mechanical subsystem.
In this paper, we apply the concept of meta-action to study the
mechanical subsystem of FMC. There are some reasons for
the decision. Due to the dependency between the parts, it is
inaccurate to analyze the mechanical subsystem by analyzing
individual parts. In addition, if the fault analysis is performed
in the component level, the uncertainty of subjective data will
expand as it transmits from the part level to the subsystem
level.

The core idea of the meta-action theory is to study the
mechanical system from the perspective of motion. The func-
tion of the mechanical subsystem is performed by a series
of actions. The entirety of all parts in a stable structure to
complete a meta-action is defined as meta-action unit (MU).
Thus, the mechanical system can be decomposed into a series
of meta-action units (MUs) in structure. According to [30],
a meta-action unit in general consists of five elements: input
part, middle part, strut member, fastener and output part.
The input part and output part are the key elements for MU.
In addition, there are two basic types of MUs: rotation MU
and translation MU. The explanatory diagram of the two type
MUs is shown in Figure 2.

In Figure 2, a rotation MU and a translation MU are
presented. The input part of the rotation MU is the motor

FIGURE 2. The explanatory diagram of two basic MUs.
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and the output part is the gear which is also the power source
of the next translation MU. The input part of the translation
MU is the rack and the output part is the tray. To simply
show the two meta-action units, we only give this diagram
that ignores some elements. The function of the mechanical
system in Figure 2 is performed by the two MUs. Similarly,
functions of the mechanical subsystem of an FMC can also be
performed by a series of MUs. Therefore, the fault analysis
of the mechanical subsystem in the second analysis level
in Figure 1 can be performed in meta-action level.

D. CRITICALITY ANALYSIS BY TOPSIS
As shown in Figure 1, the TOPSIS method is used to analyze
the criticality of determined fault modes in every analysis
level. It is a good effective multi-index evaluation method. Its
main idea is to construct the positive ideal solution (PIS) and
negative ideal solution (NIS) of the evaluated object, and then
calculate the distance to PIS and NIS to complete the ranking
problem. The distance in TOPSIS is the Euclidean distance.

Considering each fault mode as a decision scheme, all the
determined fault modes make up a decision scheme set. The
four indicators: severity, occurrence probability, detection
and cost (SODC) are treated as the attribute variable to assess
every decision scheme. The PIS is the virtual best scheme
where every attribute value is optimal, on the contrary the
NIS is the virtual worst scheme where each attribute value
is the worst. Then we can compare the distance between
each scheme and the positive and negative ideal solutions to
determine the priority of these schemes. The best scheme is
near the PIS and away from NIS and the worst scheme is
inverse. The fault mode represented by the worst scheme
has a high priority level, which needs to be prioritized and
eliminated in time. The TOPSIS method can be performed as
follows.

Step 1. Determine the decision matrix
The first step concerns a multi-attribute decision matrix

A =
(
aij
)
m×n.Then we need perform data preprocessing to

obtain a normalized decision matrix B =
(
bij
)
m×n. The data

preprocessing is necessary because of the following reasons.
Firstly, the four attributes SODC have different types, which
makes it impossible to judge the priority of each scheme
directly from the attribute value. Another reason is the differ-
ent measurement unit of each attribute value. The last reason
is that the values of different attributes vary greatly.

The normalized decision matrix can be obtained by the
following equation

bij = aij

/
m∑
i=1

a2ij , i = 1, 2, . . . ,m; j = 1, 2, 3, 4 (1)

Step 2. Construct the weighted normalized decision matrix
Considering the weight vector of the four attributes w =

(w1,w2,w3,w4)
T , the weighted normalized decision matrix

C =
(
cij
)
m×4 can be obtained by the following equation

cij = wj · bij, i = 1, 2, . . . ,m; j = 1, 2, 3, 4 (2)

Step 3. Determine the PIS and NIS
We suppose thatC+ refers to the PIS andC− the NIS. They

are presented as follows:

C+ =
{(
maxi cij |j ∈ J

)
,
(
mini cij

∣∣j ∈ J∗ )} (3)

C− =
{(
mini cij |j ∈ J

)
,
(
maxi cij

∣∣j ∈ J∗ )} (4)

where J = {jassociated with the benefit attribute} and J∗ =
{jassociated with the benefit attribute}

Step 4. Calculate the distance from each scheme to the PIS
and NIS

The distance to C+ is

d+i =

√√√√√ 4∑
j=1

(
cij − c

+

j

)2
, i = 1, 2, . . . ,m (5)

and the distance to C− is

d−i =

√√√√√ 4∑
j=1

(
cij − c

−

j

)2
, i = 1, 2, . . . ,m (6)

where c+j is the PIS of the jth attribute, and c−j is the NIS of
the jth attribute.

Step 5. Calculate the ranking value of each scheme
The comprehensive evaluation index can be calculated by

the following equation

fi = d−i
/(
d−i + d

+

i

)
, i = 1, 2, . . . ,m (7)

At last, the priority of the scheme can be determined
according to the value of fi, that is, the priority of the fault
mode can be determined.

Notice that if we want to compare the priority order of fault
modes from different fault trees, we must ensure the ideal
solutions are the same. The fault modes from different fault
trees compose a new fault mode set which can be analyzed by
the TOPSIS method. If we want to know the order of bottom
events in a certain fault tree, the priority can also be obtained
by the TOPSIS method.

IV. CASE STUDY
In this section, we present a case study of an FMC by the
proposed method. The FMC mainly consists of two CNC
machine tools, a three-dimensional stereoscopic warehouse,
five line-warehouses, an assembly machine, a measurement
machine, a welding machine, a robot, an automated guided
vehicle (AGV) and a super-control system. The FMC is
supported by Nanjing Gongda CNC Technology Co., Ltd
and the analysis work is performed by the authors together
with analysts in the company. Due to the confidentiality and
simplification of the results, we only present partial results to
explain the proposed method.

Firstly, the system FTA of the FMC is performed to find
out all the functional fault modes shown in Figure 3. The top
event of the FTA in the system level is the abnormal operation
of the FMC. Different color block diagrams indicate different
event and some branches are not exhibited to simplify the
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FIGURE 3. The FTA in the first analysis level (partial).

diagram. In Figure 3, we depict 11 functional fault modes
to illustrate the results of the system FTA. Then we perform
the FMEA on the 11 functional fault modes. The criticality
analysis is conducted by TOPSIS method to identify the key
function fault modes. Based on the subjective data provided
by a cross-functional expert team, the ranking of these func-
tional fault modes is obtained. Table 1 shows the analysis
result. The traditional RPN is also calculated to compare with
the ranking result by TOPSIS method. Substituting the data
in Table 1 to (1)-(7), we can get the PIS (0.0587, 0.03, 0.021,
0.0185) andNIS (0.1174, 0.15, 0.1048, 0.1234). According to
the value of fi in Table 1, the ranking of the scheme is 5, 6, 8,
11, 9, 4, 7, 10, 1, 2, 3 where the 5th and 6th scheme are the best
and the 2nd scheme and the 3rd scheme are the worst, which
means the 2nd fault mode and the 3rd fault mode have the
highest priority and should be corrected in time. The different
thresholds of fi determine the number of key functional fault
modes. For example, if we set 0.8 as the threshold of fi,
the functional fault modeswith values less than 0.8 are the key
functional fault modes, and thus the number of the functional
fault modes is 7. If the threshold is 0.7, the number is 6.
In addition, the fault modes with the same RPN value will
also have different priorities. For example, the fault modes 4,
5 have the same RPN, while the fault mode 4 has a higher
priority because of the correction cost.

Secondly, the determined key functional fault modes are
analyzed in the second level by the FTA method. As an
example, the FT of the key functional fault mode the first
CNC machine tools fault is presented in Figure 4. The bottom
events in fault tree vary according to different subsystems.
Here, we give the analysis of the mechanical subsystem. The
FTA of the mechanical subsystem is performed from the

TABLE 1. The first level FMEA (partial).

motion to meta-action because the function of mechanical
subsystem is realized by a series of meta-actions. In Figure 4,
the main motion fault is analyzed and 10 meta-action fault
modes are obtained. Then the FMEA is performed to exam-
ine these meta-action fault modes. CA is also conducted by
TOPSIS just same as the previous analysis level to determine
the key meta-action fault modes. The partial analysis result
of FMEA is depicted in Table 2. The PIS is (0.0949, 0.0577,
0.0275, 0.0428) and the NIS is (0.0949, 0.1732, 0.0688,
0.1283). The ranking of fi is 4 5 6 7 8 9 2 3 1 10 where the
meta-action fault mode 10 has the highest priority and should
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FIGURE 4. The FTA in the second analysis level (partial).

TABLE 2. The second level FMEA (partial).

be tackled firstly. According to the threshold set by analyst,
the key meta-action fault modes can be determined.

In the end, we use FTA method to analyze the determined
meta-action fault modes. Here, the meta-action fault mode
spindle rotation meta-action fault is analyzed, of which the
FT is shown in Figure 5. Ameta-action may have diverse type
fault modes. Figure 5 shows that the spindle rotation meta-
action fault has five fault modes. Here, we present two fault
modes unstable rotation and poor rotation precision and get

TABLE 3. The last level FMEA (partial).

9 fault causes. In this analysis level, the failure mechanism
of the fault mode is studied to get the fault causes. Thus,
the FMEA at this level cannot be performed like the tradi-
tional FMEA because the basic events in the FT are not fault
modes. While, CA can still be performed to find out the key
fault causes.

Therefore, the result of the abnormal FMEA is shown
in Table 3. The PIS is (0.0777, 0.0248, 0.0352, 0) and the NIS
is (0.1165, 0.1241, 0.0880, 0.1569). The ranking of fi is 1 2 5
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FIGURE 5. The FTA in the last analysis level (partial).

8 9 3 4 7 6 where the fault cause 6 has the highest priority and
should be tackled firstly. The difference from the upper two
analysis layers is that the fault causes instead of fault modes
are paid more attention. In addition, different types of meta-
action fault modes are considered in the analysis. We can
distinguish between fault mode and fault cause in this layer
because the basic events in the FTA are all fault causes. While
in the above two layers, the basic events in FTA are both the
fault causes and fault modes. Therefore, the fault analysis in
the last layer is the deepest.

V. CONCLUSION
In this paper, we propose a hybrid multilevel fault analysis
method for an FMC. FTA and FMEA are both widely used
in fault analysis. However, they are time-consuming and
expensive if thoroughly performed for a complex system.
To improve analysis efficiency and reduce cost, the proposed
method applies them in a progressive manner.

The proposed method has a three-layer structure.
FTA and FMEA are performed orderly in every analysis
level. FTA is used to find all the potential fault modes/causes
firstly. FMEA is applied subsequently to identify the key fault
modes/causes. The clear layer-by-layer analysis process on
one hand can be easily performed, on the other hand can help
analysts better understand a new FMC in the design phase.

Considering the uniqueness of subsystems, basic events
in the FTA at the second analysis level are different. For
the electrical subsystem, the FTA-FMEA is performed in the
traditional way. We study the particularity of the mechan-
ical subsystem and apply meta-action theory in the fault
analysis. Meta-action theory has proven to be an effective
applicable tool for studying the reliability of mechanical
systems [29]–[34]. FTA is performed to get the potential
meta-action fault modes and FMEA is performed to identify

the key meta-action fault modes. The application of meta-
action theory can help analysts better understand the function
implementation way of the mechanical subsystem.Moreover,
it can also reduce the complexity of themechanical subsystem
FTA because a meta-action unit is treated as a basic fault
analysis element.

RPN is often used in criticality analysis, while its calcula-
tion seems naïve. In this paper, we use the TOPSIS method
to determine the priority of fault modes/causes. In addition,
the correction cost is treated as the fourth attribute in TOPSIS.
The priority of the fault modes/causes can be determined
by the distance to the PIS and NIS. The ranking result is more
reasonable for the decision makers in a company. They can
make more reasonable corrections to improve the reliability
of the FMC based on the company’s financial condition.

The application of the proposed method in our cooperating
company verifies its efficiency and cost-saving. We believe
the proposed method can not only be applied in the fault
analysis of the FMC but also other systems. While, for the
more complex system such as a large flexible manufacturing
system (FMS), the applicability of the proposed method is
not verified yet. Therefore, our future work is to find the
appropriate fault analysis method for the large complex FMS.
In the end, the problem that a fault cause appears in the fault
trees of different fault modes is also one of our future work.

REFERENCES

[1] B. L. Maccarthy and J. Liu, ‘‘A new classification scheme for flexible
manufacturing systems,’’ Int. J. Prod. Res., vol. 31, no. 2, pp. 299–309,
1993.

[2] X. Wu, C.-H. Chu, Y. Wang, and W. Yan, ‘‘A genetic algorithm for cellular
manufacturing design and layout,’’ Eur. J. Oper. Res., vol. 181, no. 1,
pp. 156–167, 2007.

[3] A. Yadav and S. C. Jayswal, ‘‘Evaluation of batching and layout on
the performance of flexible manufacturing system,’’ Int. J. Adv. Manuf.
Technol., vol. 101, pp. 1435–1449, Apr. 2019.

110314 VOLUME 7, 2019



X. Zhang et al.: Hybrid Multilevel FTA-FMEA Method for a FMC Based on Meta-Action and TOPSIS

[4] B. Naderi and A. Azab, ‘‘Modeling and scheduling a flexible manufactur-
ing cell with parallel processing capability,’’ CIRP J. Manuf. Sci. Tech.,
vol. 11, pp. 18–27, Nov. 2015.

[5] Y. Yang, Y. Chen, and C. Long, ‘‘Flexible robotic manufacturing cell
scheduling problemwithmultiple robots,’’ Int. J. Prod. Res., vol. 54, no. 22,
pp. 6768–6781, 2016.

[6] Y. He, K. E. Stecke, andM. L. Smith, ‘‘Robot andmachine scheduling with
state-dependent part input sequencing in flexible manufacturing systems,’’
Int. J. Prod. Res., vol. 54, no. 22, pp. 6736–6746, 2016.

[7] H. Feng, L. Xi, L. Xiao, T. Xia, and E. Pan, ‘‘Imperfect preventive mainte-
nance optimization for flexible flowshop manufacturing cells considering
sequence-dependent group scheduling,’’ Rel. Eng. Syst. Saf., vol. 176,
pp. 218–229, Aug. 2018. doi: 10.1016/j.ress.2018.04.004.

[8] M. Savsar and M. Aldaihani, ‘‘Modeling of machine failures in a flexible
manufacturing cell with two machines served by a robot,’’ Reliab. Eng.
Syst. Safe., vol. 93, no. 10, pp. 1551–1562, Oct. 2008.

[9] M. M. Hamasha, A. Alazzam, S. Hamasha, F. Aqlan, O. Almeanazel, and
M. T. Khasawneh, ‘‘Multimachine flexible manufacturing cell analysis
using a Markov chain-based approach,’’ IEEE Trans. Compon., Packag.
Manuf. Technol., vol. 5, no. 3, pp. 439–446, Mar. 2015.

[10] L. Liu, X. Liu, X. Wang, Y. Wang, and C. Li, ‘‘Reliability analysis and
evaluation of a brake system based on competing risk,’’ J. Eng. Res., vol. 5,
no. 3, pp. 150–161, 2017.

[11] L. Jin, C. Peng, and J. Tao, ‘‘System-level electric field exposure assess-
ment by the fault tree analysis,’’ IEEE Trans. Electromagn. Compat.,
vol. 59, no. 4, pp. 1095–1102, Aug. 2017.

[12] J. J. Jetter, R. Forte, Jr., andR. Rubenstein, ‘‘Fault tree analysis for exposure
to refrigerants used for automotive air conditioning in the United States,’’
Risk Anal., vol. 21, no. 1, pp. 157–171, 2001.

[13] S. Kabir, M. Walker, Y. Papadopoulos, E. Rüde, and P. Securius, ‘‘Fuzzy
temporal fault tree analysis of dynamic systems,’’ Int. J. Approx. Reason-
ing, vol. 77, pp. 20–37, Oct. 2016.

[14] M. Ammar, G. B. Hamad, O. A. Mohamed, and Y. Savaria, ‘‘Towards
an accurate probabilistic modeling and statistical analysis of temporal
faults via temporal dynamic fault-trees (TDFTs),’’ IEEE Access, vol. 7,
pp. 29264–29276, 2019.

[15] C. Joshi, F. Ruggeri, and S. P. Wilson, ‘‘Prior robustness for Bayesian
implementation of the fault tree analysis,’’ IEEE Trans. Rel., vol. 67, no. 1,
pp. 170–183, Mar. 2018.

[16] E. Ruijters and M. Stoelinga, ‘‘Fault tree analysis: A survey of the state-
of-the-art in modeling, analysis and tools,’’ Comput. Sci. Rev., vols. 15–16,
pp. 29–62, Mar. 2015.

[17] W. Hu, A. G. Starr, and A. Y. T. Leung, ‘‘Operational fault diagnosis of
manufacturing systems,’’ J. Mater. Process. Technol., vol. 133, nos. 1–2,
pp. 108–117, 2003.

[18] H.-C. Liu, L. Liu, and N. Liu, ‘‘Risk evaluation approaches in failure mode
and effects analysis: A literature review,’’ Expert Syst Appl., vol. 40, no. 2,
pp. 828–838, Feb. 2013.

[19] H. A. Khorshidi, I. Gunawan, and M. Y. Ibrahim, ‘‘Data-driven system
reliability and failure behavior modeling using FMECA,’’ IEEE Trans. Ind.
Inform., vol. 12, no. 3, pp. 1253–1260, Jun. 2016.

[20] Y. Sinha and J. A. Steel, ‘‘A progressive study into offshore wind farm
maintenance optimisation using risk based failure analysis,’’ Renew. Sus-
tain. Energy Rev., vol. 42, pp. 735–742, Feb. 2015.

[21] S. Carpitella, A. Certa, J. Izquierdo, and C.M. La Fata, ‘‘A combinedmulti-
criteria approach to support FMECA analyses: A real-world case,’’ Rel.
Eng. Syst. Saf., vol. 169, pp. 394–402, Jan. 2018.

[22] A. Certa, F. Hopps, R. Inghilleri, and C. M. L. Fata, ‘‘A Dempster-Shafer
theory-based approach to the failure mode, effects and criticality analy-
sis (FMECA) under epistemic uncertainty: Application to the propulsion
system of a fishing vessel,’’ Rel. Eng. Syst. Saf., vol. 159, pp. 69–79,
Mar. 2017.

[23] Y. Deng, Q. Li, and Y. Lu, ‘‘A research on subway physical vulnerability
based on network theory and FMECA,’’ Saf. Sci., vol. 80, pp. 127–134,
Dec. 2015.

[24] L. Liu, D. Fan, Z. Wang, D. Yang, J. Cui, X. Ma, and Y. Ren, ‘‘Enhanced
GO methodology to support failure mode, effects and criticality analysis,’’
J. Intell. Manuf., vol. 30, pp. 1451–1468, Mar. 2019.

[25] J. F. W. Peeters, R. J. I. Basten, and T. Tinga, ‘‘Improving failure analysis
efficiency by combining FTA and FMEA in a recursive manner,’’ Rel. Eng.
Syst. Saf., vol. 172, pp. 36–44, Apr. 2018.

[26] A. Azadeh, M. Sheikhalishahi, and A. Aghsami, ‘‘An integrated FTA-
DFMEA approach for reliability analysis and product configuration con-
sidering warranty cost,’’ Prod. Eng., vol. 9, nos. 5–6, pp. 635–646, 2015.

[27] G.-B. Zhang, D.-Y. Li, J. Liu, X.-J. Fan, H. Zhang, and Y.-Z. Cui, ‘‘Mod-
ularized fault tree modeling and multi-dimensional mapping for assembly
reliability,’’Comput. Integr.Manuf. Syst., vol. 19, no. 3, pp. 516–522, 2013.

[28] D. Li, G. Zhang, M. Li, J. Lou, and H. Zhao, ‘‘Assembly reliability
modeling technology based on meta-action,’’ Procedia CIRP, vol. 27,
pp. 207–215, 2015.

[29] Y. Ran, G. Zhang, and L. Zhang, ‘‘Quality characteristic association anal-
ysis of computer numerical control machine tool based on meta-action
assembly unit,’’ Adv. Mech. Eng., vol. 8, no. 1, pp. 1–10, Jan. 2016.

[30] X. Zhang, G. Zhang, Y. Li, Y. Ran, H. Wang, and X. Gong, ‘‘A novel fault
diagnosis approach of a mechanical system based on meta-action unit,’’
Adv. Mech. Eng., vol. 11, no. 2, pp. 1–12, 2019.

[31] D. Li, M. Li, G. Zhang, Y. Wang, and Y. Ran, ‘‘Mechanism analysis
of deviation sourcing and propagation for meta-action assembly unit,’’
J. Mech. Eng., vol. 51, no. 17, pp. 146–155, Sep. 2015.

[32] H. Yu, G. Zhang, and Y. Ran, ‘‘A more reasonable definition of failure
mode for mechanical systems using meta-action,’’ IEEE Access, vol. 7,
pp. 4898–4904, 2019.

[33] Y. Li, X. Zhang, Y. Ran, W. Zhang, and G. Zhang, ‘‘Reliability and modal
analysis of key meta-action unit for CNC machine tool,’’ IEEE Access,
vol. 7, pp. 23640–23655, 2019.

[34] Y. Li, G. Zhang, Y. Wang, X. Zhang, and Y. Ran, ‘‘Research on reliability
allocation technology for NC machine tool meta-action,’’ Qual. Reliab.
Engng. Int., to be published. doi: 10.1002/qre.2489.

[35] C. L. Hwang and K. Yoon, Multiple Attribute Decision Making: Methods
and Applications. Berlin, Germany: Springer, 1981.

[36] T. Bian, H. Zheng, L. Yin, and Y. Deng, ‘‘Failure mode and effects analysis
based on D numbers and TOPSIS,’’ Qual. Rel. Eng. Int., vol. 34, no. 4,
pp. 501–515, Jun. 2018.

[37] S. J. Chen and C. L. Hwang, Fuzzy Multi Attribute Decision Making
(Lecture Notes in Economics and Mathematical Systems). New York, NY,
USA: Springer-Verlag, 1992.

[38] T.-C. Chu and Y.-C. Lin, ‘‘An interval arithmetic based fuzzy TOPSIS
model,’’ Expert Syst. Appl., vol. 36, no. 8, pp. 10870–10876, Oct. 2009.

[39] K. Kumar and H. Garg, ‘‘Connection number of set pair analysis based
TOPSIS method on intuitionistic fuzzy sets and their application to deci-
sion making,’’ Appl. Intell., vol. 48, no. 8, pp. 2112–2119, Aug. 2018.

[40] R. Rostamzadeh, M. K. Ghorabaee, K. Govindan, A. Esmaeili, and
H. B. K. Nobar, ‘‘Evaluation of sustainable supply chain risk management
using an integrated fuzzy TOPSIS-CRITIC approach,’’ J. Cleaner Prod.,
vol. 175, pp. 651–669, Feb. 2018.

[41] H. Garg and R. Arora, ‘‘A nonlinear-programming methodology for multi-
attribute decision-making problemwith interval-valued intuitionistic fuzzy
soft sets information,’’ Appl. Intell., vol. 48, no. 8, pp. 2031–2046, 2018.

[42] Z. Pei, J. Liu, F. Hao, and B. Zhou, ‘‘FLM-TOPSIS: The fuzzy linguistic
multiset TOPSISmethod and its application in linguistic decisionmaking,’’
Inf. Fusion, vol. 45, pp. 266–281, Jan. 2019.

[43] L. Q. Li, The Certified Reliability Engineer Handbook. Beijing, China:
China Renmin Univ. Press, 2012.

VOLUME 7, 2019 110315

http://dx.doi.org/10.1016/j.ress.2018.04.004
http://dx.doi.org/10.1002/qre.2489

	INTRODUCTION
	LITERATURE REVIEW
	FAULT TREE ANALYSIS
	FAULT MODE AND EFFECTS ANALYSIS
	META-ACTION
	FAULT TREE ANALYSIS

	HYBRID MULTILEVEL FAULT ANALYSIS METHOD
	THE ANALYSIS LEVEL OF THE PROPOSED METHOD
	FTA-FMEA METHOD
	META-ACTION
	CRITICALITY ANALYSIS BY TOPSIS

	CASE STUDY
	CONCLUSION
	REFERENCES

