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1. Introduction
Maintainability is a significant design characteristic of civil air-

craft system, and it has great effects on daily utilization rate, dispatch 
reliability, life cycle cost and even operation safety of civil aircraft. 
Maintainability evaluation is an important design task prescribed in 
MIL-STD-470B [11]. The purpose of maintainability evaluation is to 
determine whether the specified maintainability requirements of sys-
tem can be achieved.

According to MIL-STD-471A [12], the traditional maintainability 
evaluation is conducted by demonstrating maintenance tasks based on 
physical prototype in the late phase of system development, which has 
two types of disadvantages: first, evaluated objects are quantitatively 
parameters such as MTTR (Mean Time To Repair), MTTRS (Mean 
Time To Restore System) and MTTS (Mean Time To Service), and 
qualitative requirements related to maintainability design attributes 
cannot be evaluated in most situation, thus the evaluation conclu-
sion can hardly provide suggestion about design modification; sec-
ond, maintenance task demonstration is based on physical prototype 
or real system, even if design deficiencies are found by evaluation, 
it is difficult to implement design modification because of cost and 
time. In a word, the traditional maintainability evaluation lags behind 
the system development and cannot support the concurrent design of 
modern aircraft system.

In order to solve the above mentioned problems, many literatures 
have studied in the field. Wani et al. studied the maintainability fac-
tors and attributes in product design and developed a procedure based 
on a digraph and matrix method for evaluation of maintainability in-

dex of mechanical systems [21-22]. Meier et al. presented a model 
process for implementing maintainability and described the potential 
roles and benefits of maintainability on various types of projects [9]. 
Pistikopoulos et al. introduced a system effectiveness optimization 
framework to properly account for maintainability characteristics at 
the process design level. In the framework, the problem is formulated 
as a mixed integer linear programming model whose applicability is 
demonstrated by a numerical example [15]. Chen et al. discussed and 
identified a set of maintainability factors in terms of physical design, 
logistics support and ergonomics; and then, as a specific application 
of design review, a methodology called Vector Projection Method is 
applied to evaluate the maintainability of the mechanical system [2]. 
Tjiparuro et al. consolidated maintainability elements and attributes 
by reconciling and developing previous research efforts and then 
proposed an approach to maintainability analysis during conceptual 
design based on the concept of functional design and maintainability 
axioms [19]. Slavila et al. presented a maintainability evaluation ap-
proach based on fuzzy logic; and fuzzy linguistic variables are em-
ployed in order to represent and handle the design data available early 
in the design process [17]. Li et al. analyzed the tribo-maintainability 
related design factors from systematic perspective and concluded a 
more complete set of six factors, and then a fuzzy set based approach 
was developed to quantitatively evaluate maintainability design as 
well [6]. Desai et al. presented a systematic methodology of design for 
maintenance to enhance the maintenance operation of products and 
systems, human factors are also considered in the methodology [3]. 
Pedro et al. describe a procedure to obtain maintainability indicators 
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for industrial devices, they discussed the information obtained through 
the maintainability assessment process and its computation into sev-
eral maintainability indicators [13]. ZHOU et al. divided repair time 
into common and individual repair time, and then proposed a new 
time characteristics-based maintainability allocation method, which is 
also applicable to maintainability evaluation [24]. With the develop-
ment of computer science, virtual reality and digital technology are 
also used in maintainability analysis and design. Vujosevic proposed 
the concept of maintainability concurrent design firstly, he presented 
a computer-aided engineering environment to support maintainability 
analysis for concurrent design of mechanical system design [20]. Hao 
et al. developed a maintainability analysis visualization system un-
der the AutoCAD environment, and designers can review their design 
from the viewpoint of easy maintenance concurrently [5]. Marcelino 
et al. discussed the design and implementation of a geometric con-
straint manager that has been designed to support physical realism 
and interactive assembly and disassembly tasks within virtual envi-
ronments [7]. Borro et al. developed and integrated a haptic device, 
which can provide an enhanced sense of real manipulation and can 
reduce new aircraft engine development costs when conducting main-
tainability design [1]. Rim et al. proposed a new framework for the 
evaluation of working conditions by ergonomic and biomechanical 
analysis using digital models based on XML standard schema, includ-
ing: products, processes, manufacturing resources and human workers 
[16]. Peng et al. designed an integrated platform for maintainability 
design and verification, a case based reasoning method of maintain-
ability design and Extensible Markup Language based representation 
of maintenance procedure information are presented and used in the 
platform [14]. Yu et al. provided a fuzzy comprehensive evaluation 
method for product maintainability evaluation in virtual environment 
as well. In their research, fuzzy comprehensive evaluation method is 
used to evaluate product maintainability in virtual maintenance envi-
ronment at stage of early design [23]. 

To some extent, the problems of traditional maintainability evalu-
ation have been solved by the above mentioned researches; however, 
two types of shortages still exist: the one is that the evaluating meth-
ods of single maintainability design attribute have not been given, and 
the other is that maintainability comprehensive evaluation didn’t con-
sider detailed maintenance tasks. In order to discover the deficiencies 
of maintainability design for civil aircraft in the early phase of design, 
virtual maintenance environment has been constructed in the paper, 
evaluating methods of maintainability attributes are presented based 
on virtual demonstration in the virtual maintenance environment, and 
maintainability comprehensive method is proposed based on fuzzy 
theory. In this way, the maintainability evaluation can be conducted in 
the early stage of design, and the concurrent design of maintainability 
for aircraft system can be realized.

2. The structure of virtual maintenance environment

Virtual maintenance environment is a platform for conducting 
maintenance task virtual demonstration. Our virtual maintenance en-
vironment is built based on the Human Task Simulation Solution of 
software DELMIA developed by Dassault Systemes, in which digital 
mockup of civil aircraft system, digital maintenance tools and digital 
human model are integrated.

In order to realize the virtual simulation of maintenance task more 
conveniently, we have developed standard tool base and human pos-
ture base with DELMIA, from which we can generate maintenance 
tools with different size and kinds of human posture very quickly. In 
terms of maintenance task virtual simulation, designers can conduct 
accessibility and ergonomics virtual evaluation for each maintenance 
task. Fig.1 shows the architecture of the virtual maintenance environ-
ment.

3. Evaluation Methods of maintainability design at-
tribute

The factors affecting product maintainability exist in many as-
pects including design, maintenance personnel, logistic support, op-
eration context, and so on. In design phase, design factors are the main 
aspect, maintenance personnel and logistic factors also should be con-
sidered; and operation context such as aircraft maintenance manual 
and illustrated part catalog, which are commonly published after de-
sign finished, usually needn’t to be considered. So, in design phase, 
we think that the attributes affecting maintainability of civil aircraft 
system including accessibility, ergonomics, simplicity, modulariza-
tion, standardization, identification and testability.

Among all of the seven attributes, accessibility and ergonomics 
are attributes belonging to each maintenance task of the system, and 
we think that these attributes must be evaluated according to detailed 
maintenance task simulation. In another word, to these attributes, sys-
tem value is the function of its all maintenance tasks’ values.

In maintainability engineering, system maintenance is composed 
of several maintenance events, maintenance event is composed of 
several maintenance tasks, and each maintenance event is generally 
corresponding to each replaceable unit. With reference to the relation-
ship between system MTTR and MTTR of each maintenance event 
[10], the system value of these attributes can be expressed as:

 
1 1

p p

i i i
i i

V Vλ λ
= =

= ∑ ∑  (1)

where, V is the system value of these attributes, Vi is the ith main-
tenance event value of these attributes, which is corresponding to 
the ith replaceable unit of the system, λi is the failure rate of the ith 
replaceable unit, and p is the number of replaceable unit contained 
in the system. As the basic evaluation element of these attribute is 
maintenance task, the relationship between attribute value of main-
tenance event and its maintenance tasks also should be given, it can 
be expressed as:
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j j
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where, Vij is attribute value of the jth maintenance task in the ith main-
tenance event, tij is the time of corresponding maintenance task, qi is 
the number of maintenance tasks in the ith maintenance event. Based 
on equation (1) and (2), we can calculate the system value of these 
attributes in terms of their value of maintenance tasks.

Other attributes including simplicity, modularization, standardiza-
tion, identification and testability are attributes of the whole system or 

Fig. 1. Architecture of the virtual maintenance environment
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product, to these attributes, we will present evaluation method based 
maintainability checklist in DOD-HDBK-791AM [4].

3.1. Accessibility and ergonomics evaluation based on main-
tenance task simulation

In DOD-HDBK-791AM [4], accessibility is defined as a design 
feature that affects the ease of admission to an area for the perform-
ance of visual and manipulative maintenance. According to this defi-
nition, to each maintenance task, the accessibility contains two as-
pects, which are visual accessibility and reachable accessibility. In the 
following section, we will discuss the evaluation method of the both 
accessibility for each maintenance task.

Visual accessibility evaluation1) 
Visual accessibility of maintenance task shows whether the main-

tenance personnel can see the corresponding component clearly. The 
horizontal range of human eyes is 120 degree, and the vertical is 70 
degree. Fig.2 shows the visible range of human eyes, which is pro-
vided by visual analysis tool of DELMIA.

In Fig.2, the range of human vision is divided into three zones, 
which are zone A, B and C. Zone A’s horizontal range is −35 to 35 
degrees, zone B’s is 35 to 60 degrees or −60 to −35 degrees, and zone 
C’s is greater than 60 degrees or less than −60 degree; the vertical 
range of both zone A and B is −40 to 40 degrees, and zone C’s verti-
cal range is less than −40 degrees or 40 degrees. Fig.3 illustrates the 
horizontal and vertical range of human vision related to Fig.3.

We choose typical posture of each maintenance task to conduct 
visual accessibility evaluation, the attribute values of visual acces-
sibility are expressed by linguistic variable herein, and the values are 
classified into seven ranks, which are “very satisfied”, “satisfied”, “a 
little dissatisfied”, “medium”, “a little dissatisfied”, “dissatisfied” and 
“very dissatisfied”. The evaluation method of visual accessibility is 
given in Table 1.

Reachable accessibility evaluation2) 
The reachable accessibility of each maintenance task is affected 

by access doors or covers, tools of maintenance and interference of 
neighboured components. We also take linguistic variable to express 

the value of reachable accessibility herein. The evaluation method of 
reachable accessibility is given in Table 2.

In Table 2, special tools are in contrast with standard tools such 
as spanner, screwdriver, wrenches and pliers, most of which are con-
tained in the standard tool base. According to Table 2, we can make 
evaluation of each maintenance task based on maintenance task simu-
lation.

Ergonomics evaluation based on RULA3) 
The RULA system was developed at the University of Notting-

ham’s Institute for Occupational Ergonomics. It was developed to 
investigate the exposure of individual workers to risks associated 
with work-related upper limb disorders. We will use the RULA 
analysis dialog box of DELMIA to evaluate ergonomics of each 
maintenance task.

In RULA analysis, risk factors such as number of movements, 
static muscle work, force, working posture, and time worked with-
out a break are considered to provide a final score that ranges from 
1 to 7.

1 and 2 indicate that the posture is acceptable if it is not main-• 
tained or repeated for long periods of time;
3 and 4 Indicate that further investigation is needed and chang-• 
es may be required;
5 and 6 indicate that investigation and changes are required • 
soon;
7 indicates that investigation and changes are required imme-• 
diately.

Determination of score value is detailed described in Dr. Lynn Mc 
Atamney and Professor E. Nigel Corlett’s work [8]. In order to keep 
the ergonomics value consistent with accessibility value, we still use 
linguistic variable to denote RULA score; the linguistic variable “very 
satisfied”, “satisfied”, “a little dissatisfied”, “medium”, “a little dis-
satisfied”, “dissatisfied” and “very dissatisfied” denote RULA score 
1 to 7 respectively.

Fig. 4 is an illustration instance of using RULA analysis dialog 
box in DELMIA to evaluate ergonomics of the maintenance task in-
stalling wheel in NLG of civil aircraft.

Normalization of linguistic variable 4) 
In the previous context, the attribute value is expressed by lin-

guistic variable, which can’t be calculated by Equation (1) and (2) 
directly, as it is not numerical and has not been normalized. We use 
triangular fuzzy number to represent linguistic variables. Triangular 
fuzzy number is denoted as (vl, vm, vu), where 0≤vl≤vm≤vu≤1, vm is the 
most possible value of a linguistic variable or RULA score, vl is the 
lower bound and vu is the upper bound. The operation rules of triangu-
lar fuzzy number are given in Equation (3).

 

( , , ) ( , , ) ( , , )

( , , ) ( , , )

( , , ) / ( / , / , / )

l m u l m u l l m m u u
i i i j j j i j i j i j

l m u l m u

l m u l m u

v v v v v v v v v v v v

k v v v kv kv kv

v v v k v k v k v k

± = + + +

× =

=

 (3)

Fig. 2. Visible range of human eyes based on DELMIA

Fig. 3. The horizontal and vertical range of human eyes

Fig. 4. RULA instance of wheel disassembly
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Triangular fuzzy number can reflect the fuzziness of linguistic 
variable; Fig. 5 shows the memberships of each linguistic variable 
that are “very satisfied”, “satisfied”, “a little dissatisfied”, “medium”, 
“a little dissatisfied”, “dissatisfied” and “very dissatisfied”.

According to the membership function, we can get the triangu-
lar fuzzy number corresponding to each linguistic variable, which is 
shown in Table 3. 

3.2. Evaluation of other attributes based on maintainability 
checklist

Except for accessibility and ergonomics, other attributes are 
evaluated based on checklist in our paper. In DOD-HDBK-791AM 
[4], maintainability checklists are proposed for all these attributes, the 
evaluation process of each attribute based on maintainability checklist 
is given step by step as following:

To tailor the maintainability checklist in DOD-HDBK-791AMa)  
[4], since maintainability checklist in the file is a general one, 
we must choose the proper items from the checklist according 
to our researching object;
To judge whether the design of our researching object can sat-b) 
isfy the requirement of each item in the tailored maintainability 
checklist;
To calculate the numerical attribute value, which can be ac-c) 
quired by equation (4):

 ( / )s aV f n n=  (4)

where, V is the numerical value of the attribute; na is the number of all 
items contained in tailored maintainability checklist; ns is the number 

of items that our researching object satisfied; ( )f •  is the effectiveness 

function, which describes the relationship between /s an n  and V.
To simplicity, modularization, standardization and testability, we 

think the result will be “medium” if about 70% items in the tailored 
checklist are satisfied, and therefore, the effectiveness function of 
these attributes is expressed as:

 2( / ) ( / )s a s af n n n n=  (5)

Table 1. Evaluation rule of visual accessibility

Attribute Value Rules of Judgement

very satisfied In the typical posture, the component to be dismantled or installed locates in zone A and the geometric centre of the component is 
the focus.

satisfied In the typical posture, the component to be dismantled or installed locates in zone A but the geometric centre is not the focus.

a little satisfied In the typical posture, the component to be dismantled or installed locates in zone A and B, and the geometric centre is in zone A.

medium In the typical posture, the component to be dismantled or installed locates in zone A and B, and the geometric centre is in the bor-
der between zone A and B.

a little dissatisfied In the typical posture, the component to be dismantled or installed locates in zone A and B, and the geometric centre is in zone B.

dissatisfied In the typical posture, most part of the component to be dismantled or installed locates in zone B, and the geometric centre is in 
zone B.

very dissatisfied In the typical posture, most part of the component to be dismantled or installed locates in zone C.

Fig. 5. Membership functions of linguistic variables

Table 2. Evaluation rule of reachable accessibility

Attribute Value Rules of Judgement

very satisfied The maintenance task can be finished without opening access doors, without special tools, and the task is not interfered by neigh-
boured components.

satisfied The maintenance task must be finished with opening access doors or with special tools, but the task is not interfered by neigh-
boured components.

a little satisfied The maintenance task must be finished with opening access doors and with special tools, but the task is not interfered by neigh-
boured components.

medium The maintenance task can be finished without opening access doors and without special tools, but the task is interfered by neigh-
boured components slightly.

a little dissatisfied The maintenance task must be finished either with opening access doors and special tools, and the task is interfered by neigh-
boured components slightly.

dissatisfied The maintenance task is interfered by neighboured components severely.

very dissatisfied The maintenance task cannot be finished because of interference of neighboured components.

Table 3. Triangular fuzzy number of each linguistic variable

Linguistic variable Triangular fuzzy number

Very dissatisfied (0,0,0.1)

Dissatisfied (0,0.1,0.3)

A little dissatisfied (0.1,0.3,0.5)

Medium (0.3,0.5,0.7)

A little satisfied (0.5,0.7,0.9)

Satisfied (0.7,0.9,1)

Very satisfied (0.9,1,1)
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To Identification, as it will affect system safety, all items in the tai-
lored checklist must be satisfied, or else, the result can’t be accepted; 
thus, the effectiveness function of identification is expressed as:

 
1 / 1

( / )
0 otherwise

s a
s a

n n
f n n

=
= 


 (6)

To convert the numerical attribute value to Triangular fuzzy d) 
number.

To keep the evaluation value consistent with accessibility and er-
gonomics, we should convert the numerical value to triangular fuzzy 
number.

The linguistic variable set Y= {y1, y2, y3, y4, y5, y6, y7} is also cho-
sen as evaluation set, where y1 to y7 denote linguistic variable “very 
dissatisfied” to “very satisfied”. The membership function of each lin-
guistic variable shown in Fig. 5 can be expressed as:

 

1

2

3

4

5

10 1 0 0.1
( )

0 otherwise

10 0 0.1
( ) -5x 1.5 0.1 0.3

0 otherwise

5 0.5 0.1 0.3
( ) -5x 2.5 0.3 0.5

0 otherwise

5 1.5 0.3 0.5
( ) -5x 3.5 0.5 0.7

0 otherwise

5 2.5
( ) -5x 4

x x
y x

x x
y x x

x x
y x x

x x
y x x

x
y x

− + ≤ <
= 


≤ <
= + ≤ <



− ≤ <
= + ≤ <



− ≤ <
= + ≤ <



−
= +

6

7

0.5 0.7
.5 0.7 0.9

0 otherwise

5 3.5 0.7 0.9
( ) -10x 10 0.9 1

0 otherwise

10 9 0.9 1
( )

0 otherwise

x
x

x x
y x x

x x
y x

≤ <
 ≤ <



− ≤ <
= + ≤ <



− ≤ ≤
= 


 (7)

The conversion equation can be expressed as:

 
7

1
( , , ) ( ( )) ( , , )l m u l m u

i i i i
i

v v v y f v v v
=

= • ×∑  (8)

where, yi is the membership function of the ith linguistic variable, 
( , , )l m u

i i iv v v  is the triangular fuzzy number of the ith linguistic varia-

ble.

4. System maintainability fuzzy evaluation

If each maintainability attribute value is better than “medium”, we 
think the result is acceptable, and then we can conduct comprehensive 
evaluation of system maintainability, otherwise, the design must be 
modified. We propose a comprehensive evaluation method of system 
maintainability based on fuzzy weighted sum.

4.1. Weight calculation 

AHP method [18, 23] is used to determine weights of the eight 
maintainability attributes, which are shown in Fig. 6.

In AHP method weight of each attribute is acquired by pair-wise 
comparison matrix C, which is expressed as:

 

12 18

21 28
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1
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/ / 1
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c c
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w w w w

 
 
  = =   
 
 





   



 (9)

where, cij denotes the relative importance bewteen attribute i and j ( i, 
j = 1 to 8) given by experienced designers; the value of cij has 9 levels 
shown in table 4, and cij is the reciprocal of cji.

The weights vector W = [w1, w2, w3, w4, w5, w6, w7, w8] is the 
unitary eigenvector corresponding to the principal eigenvalue λmax of 
the pair-wise comparison matrix C. To ensure the consistency of pair-
wise comparison matrix, the consistency is evaluated by consistency 
ratio CR:

 

max
( 1) ( )

nCR
n RI n

λ −
=

− ×  (10)

where, ( )RI n  is the random consistency index. If CR is not greater 
than 0.1, the consistency will be accepted. 

4.2. Calculation of system maintainability value

The system maintainability value is also denoted by fuzzy trian-
gular number, which is expressed as:

 
8

1
( , , ) ( , , )l m u l m u

s s s q q q q
i

v v v w v v v
=

= ×∑  (11)

where, ( , , )l m u
s s sv v v  is the value of system maintainability, ( , , )l m u

q q qv v v  

is the value of the qth maintainability attribute, and wi is the weight of 
the qth maintainability attribute.

Fig. 6 Maintainability attributes of aircraft system

Table 4. The assessment rule of relative importance

Value of cij Preference of attribute i to j

1 Equally preferred

3 Moderately preferred

5 Strongly preferred

7 Very strongly preferred

9 Extremely preferred

2, 4, 6, 8 Intermediate levels
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5. Case study

5.1. Case study of evaluation based on maintenance task 
virtual demonstration

An example of a NLG system is used to illustrate our approach of 
accessibility and ergonomics evaluation. The NLG system consists of 
one shock strut, one drag strut, one lock stay, one Retraction actuator, 
one lock actuator, two down lock springs, two wheels and four door 
links, therefore, the maintenance events of the system are replacement 
of these LRUs. Take wheel replacement as an example, the mainte-
nance event consists of eight maintenance tasks, which are removing 
cotter pins, removing bolts and nuts, removing wheel fastener, remov-
ing wheel, installing a new wheel, installing wheel fastener, installing 
the bolts and nuts, installing new cotter pins. The virtual simulation of 
these maintenance tasks is shown in Fig. 7.

Based on the maintenance task virtual simulation and evaluation 
methods mentioned above, we can determine that the visual accessi-
bility values of all tasks are “satisfied” or “very satisfied”. As Fig. 7(b) 
shown, bolt and nut removing or installing are interfered by wheel rim 

slightly, thus, their reachable accessibility values are “medium”; and 
as Fig. 7(c) shown, wheel fastener removing or installing need high 
torque impact wrench that is a special tool, thus, reachable accessibil-
ity values of these tasks are “satisfied” not “very satisfied”. Table 5 
shows the three attribute values of each maintenance task.

According to equation (2) and equation (3), we can get the three at-
tribute values of the maintenance event “Replace of wheel”, the visual 
accessibility value is (0.83, 0.96, 1), the Reachable accessibility value is 
(0.63, 0.79, 0.89), and the Ergonomics value is (0.43, 0.63, 0.83).

We give the three attribute values of other maintenance events 
directly, which are shown in Table 6. The unit of failure rate is 10-6 

hours.
According to equation (1) equation (3), we can get the three at-

tribute values of the NLG system, the visual accessibility value is 
(0.80, 0.94, 1), the Reachable accessibility value is (0.61, 0.77, 0.89), 
and the Ergonomics value is (0.51, 0.69, 0.88).

5.2. Case study of evaluation based on maintainability 
checklist

We assume that the tailored simplicity checklist of our aforemen-
tioned NLG system is shown in Table 7.

According to equation (5), we can get the numerical value of sim-
plicity:

 2(8 / 10) 0.64V = =  

Base on equation (7) and (8), we can get the triangular fuzzy 
number of simplicity:

( , , ) 0.3 (0.3, 0.5, 0.7) 0.7 (0.5, 0.7, 0.9) (0.44, 0.64, 0.84)l m uv v v = × + × =

5.3. Case study of system maintainability fuzzy comprehen-
sive evaluation

We take two types of NLG system as our evaluation object, which 
are shown in Fig.8, the left is system A and the right is system B.

System A is just our aforementioned NLG system and most part of 
system B is similar to system A, the differences exist in two facets:

The cabin of NLG system A has four doors that are two front 1) 
doors and two rear doors, the cabin of system B has only two 
symmetric doors, thus, system A has four door links and sys-Fig. 7. Maintenance task virtual demonstration of wheel replacement

Table 5. Attribute values of each maintenance task in wheel replacement

Maintenance 
event Maintenance task Number of 

the task Time of the task Visual accessibility 
value

Reachable accessibility 
value Ergonomics value

Replace of 
wheel

Removing cotter pin 8 0.4 min Very satisfied
(0.9,1,1)

Very satisfied
(0.9,1,1)

A little satisfied
(0.5,0.7,0.9)

Removing bolt and nut 8 0.6 min Very satisfied
(0.9,1,1)

Medium
(0.3,0.5,0.7)

A little satisfied
(0.5,0.7,0.9)

Removing wheel fastener 1 2.5 min Satisfied
(0.7,0.9,1)

Satisfied
(0.7,0.9,1)

Medium
(0.3,0.5,0.7)

Removing wheel 1 2.5 min Satisfied
(0.7,0.9,1)

Very satisfied
(0.9,1,1)

Medium
(0.3,0.5,0.7)

Installing a new wheel 1 3 min Satisfied
(0.7,0.9,1)

Very satisfied
(0.9,1,1)

Medium
(0.3,0.5,0.7)

Installing the wheel fas-
tener 1 3 min Satisfied

(0.7,0.9,1)
Satisfied

(0.7,0.9,1)
Medium

(0.3,0.5,0.7)

Installing the bolt and nut 8 0.8 min Very satisfied
(0.9,1,1)

Medium
(0.3,0.5,0.7)

A little satisfied
(0.5,0.7,0.9)

Installing new cotter pin 8 0.5 min Very satisfied
(0.9,1,1)

Very satisfied
(0.9,1,1)

A little satisfied
(0.5,0.7,0.9)
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tem B has two door links. In general, the simplicity of system 
A is worse than system B, however, the accessibility of system 
A is better than system B.
The system A has an independent lock actuator to lock the NLG 2) 
when it is in up position; the system B has only one actuator 
that has both retraction and lock function, so the modulariza-
tion of system B is better than system A.

The evaluation values of each attribute of the two NLG systems 
are shown in table 8.
By consulting design experts and maintenance experts, we can get the 
pair-wise comparison matrix, which is:

 

1 1 / 2 1 1 / 3 2 3 1 / 3 1
2 1 2 1 5 5 1 2
1 1 / 2 1 1 / 2 2 3 1 / 4 1
3 1 2 1 4 5 1 2

1 / 2 1 / 5 1 / 2 1 / 4 1 1 1 / 7 1 / 2
1 / 3 1 / 5 1 / 3 1 / 5 1 1 1 / 6 1 / 2

3 1 4 1 7 6 1 3
1 1 / 2 1 1 / 2 2 2 1 / 3 1

C

 
 
 
 
 
 =  
 
 
 
 
  

The principal eigenvalue of matrix is 8.078, (8) 1.41RI =  , 
according to equation (10), we can get the consistency ratio 

0.0079 0.01CR = < , so the consistency is accepted. And we can get 
the weight vector for all maintainability attributes based on eigenvec-
tor of maximum eigenvalue, which is:

 W= [0.0884, 0.1963, 0.0900, 0.2020, 0.0420, 0.0378, 0.2555, 0.0879]

And then, according to equation (11), we can get the system main-
tainability values of the two NLG system, which are (0.6671, 0.8010, 
0.9366) of the NLG system 1 and (0.6865, 0.8160, 0.9420) of NLG 
system 2. We can know that the maintainability levels of the both 
NLG systems are between “a little satisfied” to “satisfied”, and the 
maintainability of NLG system A is a little better than system B.

6. Conclusions

In the paper, line maintenance of civil aircraft system is taken 
as research object, virtual maintenance environment has been con-
structed for aircraft system, evaluating methods are presented based 
on maintenance task simulation or maintainability checklist for differ-
ent types of maintainability design attributes, and the maintainability 

Table 7. Tailored simplicity checklist of the NLG system

Item code Item Satisfied?
1 The system must be searched for simplified alternatives. Yes
2 The manual data must be understood by an average person with a junior high school education. No
3 The function must be performed by a standard or existing part. No
4 Simplification brainstorming must be attempted. Yes
5 All function or part must be really necessary. Yes
6 All wrenching or adjustment locations are visible in prevailing light? Yes
7 The number of attachments must be minimized. Yes
8 Adjus Table circuits cannot be further reduced. Yes
9 Mechanical adjustments must be held to a minimum. Yes

10 Diagnostic techniques must be simplified? Yes

Table 6. Attribute values of the NLG’s all maintenance events

Maintenance event Number of the 
LRU

Failure rate of the 
LRU Visual accessibility value Reachable accessibility 

value Ergonomics value

Shock strut 1 534 (0.74, 0.91, 1) (0.52, 0.71, 0.89) (0.39, 0.55, 0.73)

Drag strut 1 134 (0.75, 0.89, 1) (0.51, 0.69, 0.88) (0.45, 0.63, 0.81)

Lock stay 1 167 (0.72, 0.88, 1) (0.55, 0.69, 0.84) (0.83, 0.93, 1)

Retraction actuator 1 157 (0.82, 0.95, 1) (0.45, 0.63, 0.81) (0.61, 0.72, 0.89)

Lock actuator 1 145 (0.79, 0.94, 1) (0.39, 0.55, 0.73) (0.82, 0.95, 1)

Down lock spring 2 33 (0.83, 0.96, 1) (0.61, 0.72, 0.89) (0.65, 0.81, 0.92)

Door link 4 211 (0.71, 0.89, 1) (0.64, 0.81, 0.92) (0.83, 0.95, 1)

Wheel 2 1894 (0.83, 0.96, 1) (0.63, 0.79, 0.89) (0.43, 0.63, 0.83)

Fig. 8. Two types of NLG system
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comprehensive method of aircraft system is proposed based on fuzzy 
theory.

The contribution of the paper is shown in the following three as-
pects:

A virtual maintenance environment, in which maintenance 1) 
task virtual simulation can be conducted, has been constructed 
to support maintainability concurrent design of aircraft system. 
The evaluation method of maintainability attributes, such as 
visual accessibility, reachable accessibility and ergonomics are 
presented according to maintenance task virtual simulation; 
and the maintainability design deficiencis can be discovered in 
the early design stage.
The comprehensive evaluation method of system maintaina-2) 
bility is proposed based on fuzzy theory, as our final evaluation 
result is given in the form of fuzzy triangular number, we can 

know the absolute system maintainability level when there is 
only one candidate design scheme, and we also can choose the 
best one from several candidate design schemes by comparing 
their final results.
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Table 8. Evaluation values of each attribute of the two NLG systems

System code Visual accessibility Reachable accessibility Ergonomics Simplicity

A (0.80, 0.94, 1) (0.63, 0.79, 0.89) (0.51, 0.69, 0.88) (0.44, 0.64, 0.84)

B (0.80, 0.92, 1) (0.60, 0.76, 0.86) (0.52, 0.67, 0.87) (0.53, 0.73, 0.92)

System code Modularization Standardization Identification Testability

A (0.51, 0.71, 0.90) (0.70, 0.90, 1) (0.9,1,1) (0.69, 0.89, 0.99)

B (0.65, 0.85, 0.97) (0.70, 0.90, 1) (0.9,1,1) (0.68, 0.88, 0.99)
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