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Considering dangerous environmental conditions, maintenance of radioactive equipment can be performed by remote handling
maintenance (RHM) system. The RHM system is a sophisticated man-machine system. Therefore, human factors analysis is an
inevitable aspect considered in guaranteeing successful and safe task performance. This study proposes an approach for integrated
analysis of human factors in RHM so as to make the evaluating process more practical. In the approach, indicators of accessibility,
health safety, and fatigue are analyzed using virtual human simulation technologies. The human error factors in the maintenance
process are analyzed using the human error probability (HEP) based on the success likelihood index method- (SLIM-) analytic
hierarchy process (AHP). The psychological factors level of maintenance personnel is determined with an expert scoring. The
human factors for the entire RHM system are then evaluated using the interval method. An application example is present, and the
application results show that the approach can support the evaluation of the human factors in RHM.

1. Introduction

Considering the environmental conditions for mainte-
nance, radioactive equipment maintenance can be completed
remotely without the need for any site personnel [1-3]. In
such cases, remote handling maintenance (RHM) is nec-
essary. RHM enables a person to manually handle work
without being physically present at a work site through a
manipulator or a robot [4]. The condition of components
at the time of RHM is hard to predict. The unpredictability
and complexity of the maintenance tasks will require human
interaction during the maintenance process [5]. The RHM
system is a sophisticated man-machine system that is human
oriented [6]. Therefore, in the early phase of systems design,
human factors analysis is an inevitable aspect considered
in guaranteeing successful and safe task performance [7].
Therefore, studying the RHM system from the perspective
of human factors engineering is of great significance in
improving work efficiency, safety, and comfort [8].

Current human factors engineering studies on RHM need
to be improved from the following aspects.

(1) Human factors evaluation in RHM is a complicated
multi-index evaluation process with certain difficul-
ties in quantitative and qualitative analyses. Therefore,
this process requires highly effective evaluation meth-
ods.

(2) Conventional RHM evaluations usually need to be
completed through actual maintenance work. The
actual maintenance process is simulated on a physical
prototype. Owing to their dependence on a specific
physical prototype, conventional RHM evaluations
can neither find defects in product design in a
timely manner nor ensure the safety of maintenance
personnel.

(3) RHM personnel inevitably make mistakes in long-
term RHM, and their negative emotions may affect
the safety and stability of RHM. Thus, reasonably



estimating the effects of the errors and psychological
factors of the evaluator on RHM is required.

To solve the above problems, the following are considered
in this study.

(1) The method of fuzzy synthetic evaluating has been
applied in various fields. The evaluating index is often
specific value number. However the factors of RHM
and the indexes are all uncertain. On one hand, the
scores the evaluating experts applied are all uncertain.
Besides, the evaluating level is often uncertain. It is
obviously unsuitable to evaluate the human factors
using the method based on specific value number. So
the interval method [9,10] is introduced in this paper.

(2) An ergonomic analysis is conducted by building a
virtual maintenance environment and by introducing
a virtual human model, thereby providing technical
support for maintainability and maintenance analyses
[11]. For instance, virtual human model can be used
in determining whether there is enough room for
people in different shape to perform their assembly
or maintenance tasks; optimizing comfort, visibility,
and access to controls of operators; and assisting
engineers to optimize and validate workplace layout
as per human factors evaluation.

(3) The human error probability (HEP) is the well-known
parameter for describing human performance [8, 12].
The HEP is the probability that an error will occur
in a given task [13]. In maintenance activities, perfor-
mance shaping factors (PSFs) are considered as the
major contributors to HEP [14, 15]. Success likelihood
index method (SLIM) is one of the most flexible
techniques and is widely used for quantifying the HEP
by expert judgment [16, 17]. In the SLIM, the judges
identify the important PSF associated with a specific
task; the contribution of each PSF to cause the human
error is then judged and a relative weight is assigned.
To reduce the inconsistency in the judgments of PSF,
AHP-SLIM method has been developed [18]. The
analytic hierarchy process (AHP) [19] is used to check
the consistency among the experts while the SLIM is
used to convert the likelihood into HEP.

In this study, an integrated human factors analysis
approach is proposed for RHM. An evaluation indicator
system of human factors is established for human factors
analysis on RHM. In the approach, indicators of accessibility,
health safety, and fatigue are analyzed using virtual human
simulation technologies. The human error factors in the
maintenance process are analyzed using the HEP based
on the AHP-SLIM. The psychological cognition level of
maintenance personnel is determined with an expert scoring.
The human factors for the RHM system are then evaluated
using the interval method. With radiation as the application
object, the human factors in the maintenance process are
analyzed, and corresponding improvement suggestions are
provided. The application results show that the approach can
support the evaluation of the human factors in RHM.
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TaBLE 1: Evaluation indicator system of human factors in RHM.

Criterion Indicator
Accessibility Vlsua.l acce551b1.11’F)T
Operation accessibility
Health safety Ph}fsm'al lfl) 1_1“?8
Radiation injuries
Comfort Fatigue at work
Accuracy HEP

Internal factors Psychological cognition

The remainder of the paper is organized as follows.
Section 2 proposes an integrated human factors analysis
approach for RHM. Section 3 shows how the proposed
approach supports the human factors evaluation of the
application example. Section 4 provides the conclusions and
further works of the study.

2. Integrated Human Factors Analysis
Approach for RHM

According to the features of the human factors in RHM,
an approach for integrated analysis of human factors in
RHM is designed, as shown in Figure 1. In the approach,
RHM scheme is inputted. Evaluation indicator system of
human factors in RHM is built. Data analysis of human
factors in RHM is an integrated approach for getting data
of evaluation. Human factors evaluation in RHM based on
interval method is an approach for evaluating RHM scheme
by the interval method. An approach for integrated analysis
of human factors is illustrated as shown in Figure 1.

2.1. Evaluation Indicator System of Human Factors in RHM.
An evaluation indicator system of human factors in RHM is
established (shown in Table 1). The indicators are illustrated
as follows.

(1) Accessibility. Operation accessibility requires suffi-
cient room for maintenance. Visual accessibility must
ensure that the maintenance personnel have a clear
view of the objects in the maintenance process.

(2) Health Safety. The maintenance process should guar-
antee the safety of maintenance personnel and pre-
vent the occurrence of physical injuries and radiation
injuries.

(3) Comfort. Comfort at work, the workload, and diffi-
culty at work must be properly determined to ensure
that the maintenance personnel work persistently and
maintenance quality and efficiency are achieved.

(4) Accuracy. Operational errors by maintenance person-
nel in the maintenance process, equipment, environ-
ment, and other factors must be avoided, and the HEP
must be measured.

(5) Internal Factors. The psychological cognition of the
RHM personnel at work must be evaluated.
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FIGURE 1: An integrated human factors analysis approach for RHM.

2.2. Data Analysis of Human Factors in RHM. The following
three methods are adopted to analyze the evaluation data in
the proposed approach.

(1) Human Factor Simulation Based on Virtual Human
Model. The relevant indicators are quantified accord-
ing to the simulation by the simulation platform and
virtual human.

(2) HEP Analysis Based on AHP-SLIM. A series of influ-
ential PSFs is ascertained for RHM. In combination
with AHP, the relative importance of PSF is provided,
and the success likelihood index (SLI) is converted
into the corresponding task failure probability to
evaluate HEP in the RHM scheme.

(3) Expert Scoring. Internal factor evaluation in RHM
mainly refers to evaluating the psychological cogni-
tion of the RHM personnel at work. In this study, the
RHM personnel are quantitatively evaluated by expert
scoring.

2.3. Human Factors Evaluation in RHM Based on Interval
Method. The interval method can effectively overcome the
numerical uncertainty caused by fuzziness [20]. The prob-
lems that are not estimated by deterministic mathematics can
also be accurately expressed and calculated by the interval
method [21]. The theory of interval method is introduced in
evaluating the RHM scheme in this study to effectively ana-
lyze the human factors in the RHM scheme. The procedures
are as follows.

(1) Numerical Interval of Evaluation Indicators. The numerical
intervals of evaluation indicators are defined as five grades, as
presented in Table 2.

(2) Weighted Interval Vectors. The weighted coeflicients for the
evaluation indicators are divided into 5 levels, as indicated in
Table 3.

The initially weighted interval value is as follows:

— — — —

z]=(zv2]. [222]. 0 [202]). O
where 7 represents the number of evaluation indicators,
[Z;, Z;] represents the initially weighted interval value of

ith indicator, and [Z,, Z,] falls into the weighted coefficient

range, as given in Table 3.
Fuzzy mathematics is adopted to process the indicators as

follows:
) (Z1-[3)
- ([B]-[4])

where [A] = [0.2,0.5] and [B] = [0.5,0.8].
The indicators are normalized as follows:

[E] = Z[i]_ 3)

:‘:1 [El]
—

The weighted interval vector after the processing is [W] =
{E111<i<n ieN}.

(1<i<n), 2)
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TABLE 2: Numerical interval-based indicators.
Criterion Indicator [0, 1] Interval define
[0,0.2) [0.2,0.4) [0.4,0.6) [0.6,0.8) [0.8,1]
o acc\c{:lillji llity Very poor Poor Medium Good Very good
Accessibility Operati
peration Very poor Poor Medium Good Very good
accessibility
Physical injuries Very serious Serious Medium Small Tiniest
Radiation
Health safety injuries 0~0.2 0.2~0.4 0.4~0.6 0.6~0.8 0.8~1
(distance/m)
Fatigue at work
Comfort 7 5~6 3~4 2 1
omer (RULA value)
Correctness HEP >0.08 0.06~0.08 0.04~0.06 0.02~0.04 <0.02
Psychological
Internal factors cognition 0~1 1~2 2~3 3~4 4~5
(expert scoring)
TaBLE 3: Weighted coefficients for the evaluation indicators.
Grade Class A Class B Class C Class D Class E
Attribute Especially important Very important More important Important General
Range (0.9, 1.0] (0.8,0.9] (0.7,0.8] (0.6,0.7] [0.5,0.6]

(3) Interval Vectors of the Evaluation Indicators. The value

obtained by the data analysis module of human factors in

RHM is converted into an interval method. The interval

vector of the evaluation indicators is obtained as follows:
—

(4] =([sa@] [w@]. - [apm]), @

where n represents the number of evaluation indicators;
[a;, a;] represents the interval value of ith indicator.

(4) Calculations of the Evaluation Results. The calculations of
the evaluation results are as follows:

7|4 [%]T. (5)

(5) Analysis of the Evaluation Results. The evaluation results
are divided into five grades with corresponding interval
methods assigned, as shown in Table 4.

3. Application Example

Figure 2 is a radioactive equipment. The green part of the
equipment needs to be entirely replaced during maintenance.
In the maintenance process, webcams are placed in a deep
well. During operation, the RHM personnel need to perform
maintenance operations with the help of long-handled tools
and monitor the procedures on the computer screen (Fig-
ure 3).

3.1. Human Factor Analysis Based on Simulation. In this
study, the simulation-based human factor evaluation plat-
form is developed on the Delmia software [22], as illustrated

FIGURE 2: Sectional drawing of a radioactive equipment.

in Figure 4. The specific human body parameter design is
shown in Figure 5.

(1) Visual Accessibility. According to the given maintenance
scheme, the personnel should complete RHM by a computer
screen. Visual accessibility is evaluated by observing whether
the computer screen is in the best field of vision. The visual
range provided by the simulation platform is shown in
Figure 6. The computer screen displays the optimal view
angle coverage for the RHM personnel. The RHM personnel
can easily see the computer screen. Combined with the
quantitative criteria for the indicators given in Table 2, visual
accessibility may be quantitatively determined with a range of
(0.8,1].

(2) Operation Accessibility. Operation accessibility analysis
requires the division of the maintenance area into three parts,
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TABLE 4: Criteria for evaluation grades.

Evaluation grades Interval define

Description

The RHM scheme has the best safety performance. Equipment design and placed

are highly humanized. Operator’s psychological quality is extremely high. It does

not need to be improved.

The RHM scheme has better safety performance. Equipment design and placed

are humanized. Operator’s psychological quality is good. It does not need to be

improved.

The RHM scheme has normal safety performance. Equipment design and placed

Class A Excellent (0.9,1]
Class B Good (0.7,0.9]
Class C Medium (0.5,0.7]
Class D Poor (0.3,0.5]
Class E Very poor [0,0.3]

are accepted. Operator’s psychological quality is normal. It needs to be a bit

improved.

The RHM scheme has poor safety performance. It needs to be improved.

The RHM scheme has very poor safety performance. It cannot be accepted.

FIGURE 4: The simulation-based human factor evaluation platform.

namely, maintainable, maintainable boundary, and nonmain-
tainable zones. The maintenance areas where RHM tools
can be reached are determined by the lengths, construction
features, and operation modes of such tools.

According to the RHM scheme, an arm length of 18 cm is
designed as the quantitative criterion for accessibility design.
Both hands of the operation personnel can reach a 3D area,
as shown in Figure 7. The operation personnel can hold the
control stick by pushing their two hands into the wall. The
scoring in Table 2 shows that operation accessibility is poor
within the range of (0.2, 0.4].

-

B pere) [0350m

Gender — Construction

FIGURE 5: Personnel parameter design for RHM.

(3) Radiation Damage Evaluation. During RHM, the farther
the distance from the radiation source is, the lower the
radiation intensity is. The simulation results are illustrated
in Figure 8, with a distance of 247771mm between the
RHM personnel and the area with high radiation intensity.
The quantitative criteria for the indicators given in Table 2
indicate that the quantized value of radiation damage is
within the range of (0.2, 0.4].



videst perspective

FIGURE 6: Visual range of the operation staff.

Noncontactable
region

\\»1

2

Contactable
region

FIGURE 7: Accessibility coverage of the operation personnel.

(4) Physical Damage Evaluation. The effects of the contact
between both hands of the personnel and the handle are
simulated in Figure 9. In Figure 9(b), the area where the
two hands of the personnel contact and collide with the
handle is marked in red lines; the personnel are mostly prone
to mechanical injuries. Figure 9(a) shows that the handle
is so small that the hands of the personnel are squeezed
and collide. From the quantitative criteria for the indicators
in Table 2, we determined that the occurrence of physical
injuries is high with quantized values of (0.2, 0.4].

(5) Comfort Evaluation. Rapid upper limb assessment
(RULA) [23] is a reasonable and effective technique to eval-
uate work posture fatigue (or comfort). RULA can analyze
and check the amount of exercise, static muscle work, work
posture, and uninterrupted work time. Table 5 indicates
that scores were determined by RULA by analyzing and
summarizing individual comfort in terms of exercise amount,
static muscle work, operating posture, and uninterrupted
work time. A score of 1-2 (green) implies that this posture
can be accepted for a short duration. A rating of 3-4 (yellow)
indicates that the posture must be studied further or adjusted.
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TABLE 5: RULA scoring rules.

Relation between score and color
2 3 4 5 6

Section Score scope

Upper arm 1-6 Green Green Yellow Yellow Red Red

Forearm 1-3 Green Yellow Red

Wrist 1-4 Green Yellow Orange Red

Rotate wrist 1-2 Green Red

Neck 1-6 Green Green Yellow Yellow Red Red
Breast 1-6 Green Green Yellow Yellow Red Red

A score of 5-6 (orange) means the posture must be adjusted as
soon as possible. A rating of 7 (red) indicates that the posture
must be adjusted immediately.

Figure 10 shows the RULA evaluation report that the
operation personnel prepare using the simulation platform.
The total score of posture is 7 (points), indicating that
the posture load is relatively large and must be adjusted
immediately. Using the quantitative criteria for the indicators
in Table 2, the quantized value of fatigue is measured within
the range of [0, 0.2].

3.2. HEP Based on SLIM-AHP. SLIM is a human error
quantification method based on expert scoring. The basic
assumption is that HEP is determined by the comprehensive
effects of PSE. Analysis process of HEP based on AHP-SLIM
is shown in Figure 11. Firstly the RHM operation errors are
analyzed, and then human errors and key PSF (KPSF) are
determined. AHP is proposed to determine the weighted
value of KPSFs and evaluate the HEP. Finally, we calculate the
SLI and HEP.

(1) Analysis of RHM Operation Errors. The operational errors
in the preceding examples mainly include the following: miss-
ing parts; parts not assembled; parts assembled incorrectly;
parts damaged, squeezed, scratched, and/or deformed by the
improper torsion applied; and parts with radiation damages
caused by ignored safety factors.

(2) Determination of Human Errors in RHM. RHM often
involves various types of errors. By analyzing and investigat-
ing the errors in RHM, typical error categories in the sample
applications are established (Table 6).

(3) Determination of KPSE By interviewing experts and
scholars familiar with RHM in a radiation environment,
we identify four KPSFs that affect the errors of the RHM
personnel in the sample applications. KPSFs that affect the
errors of the RHM personnel are shown in Table 7.

(4) Determination of the Weighted Values of KPSE Five
experts and scholars familiar with RHM in a radiation
environment are invited to score the KPSF through pairwise
comparison method. The values of relative importance are
shown in Table 8. The results of the expert scoring by pairwise
comparison method are provided in Table 9. The weighted
values of KPSF are calculated with AHP.
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FIGURE 9: Simulation of the effects of the contact between both hands of the personnel and the handle.

RULA Analysis (Manikin1) =
Side: O Lkt @ Right
Posture _+| upper arm: 3
@ Static O Intermittent O Repeated + | Forearm: 2
Repeat Frequency _,,Jw,gs._. 4 m
O < 4 Times/min. @ >4 Times/rir. ;Iw,,-sﬂw, 1 2 mm
: Posture A; 5
[ Arm supported/Person leaning Mk 1mm
[ Arms are working across midline: Forcefload: om
[ Check balance Wrist and Arm: s m
| Necke 3
Load: [10kg =] | Trunke 1mm
Leg: 1mm
Final Score: 7 = Posture B: 3m
Investigate and change immediately Neck, Trunk and Leg:5 Ml
Close I
o

FIGURE 10: RULA evaluation report of the RHM personnel.

@ Calculated consistency index, CI, is as follows:

Amax =1 571—4
T o4-1

CI = =0.057, (6)

n—-1

where A, is eigenvalue of the valuation matrix; # is the
matrix size of the valuation matrix.
(@ Average random consistency index (RI) is as follows:

according to the literature [24], RI = 0.9 (matrix size
of the valuation matrix is 4).

(® Weighted value of each factor is as follows:

Wipsr = [0.424,0.181,0.332,0.063]" . 7)
@ Calculated consistency ratio (CR) of CI is as follows:

CI 0.057
CR=— =—-=0.064 < 0.1 (passed one time). (8)
RI 0.9

(5) HEP Evaluation Based on KPSE The five experts are also
requested to determine which error is likely to occur under
the condition of KPSE. Each of the experts may obtain a
KPSF-related matrix. The AHP calculations (Tables 10-13) are
based on the scoring results of one of the experts.

(6) Calculation of the Success Likelihood Factor. The SLI is
calculated with the weighted values of KPSF and HEP based
on KPSF using the following calculation formula:

4
SLI; = ZWKPSF’AU (j=1,2,3,4,5,6), )
1

where SLI; refers to the success likelihood factor of the jth
typical error category, Wypsp, € Wypgr and A;; refers to the
weighted value of the KPSF; of the jth typical error category.
The calculation results are shown in Table 14.
Similarly, the values of SLI estimated based on the
judgment results of the remaining four experts through the
preceding calculation procedures are shown in Table 15.

(7) Calculation of HEP. The average of each of the SLIs is
calculated (Table 16). To convert the SLI of every task into the
corresponding probability value, the following logarithmic
relation is established:

lg HEP = aSLI + b, (10)

where “a” and “b” are the constants to be determined.
According to the calculation results of SLI, Error A ; with
the minimum SLI and Error A4 with the maximum SLI are

selected as two boundary points for solving the constants (“a
and “b”). The absolute probability judgment (APJ]) implies
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Analysis of RHM Determination of human errors Determination of |
operation errors in RHM KPSFs
Determination of the HEP evaluation . .
weighted value of KPSFs based on KPSFs Calculation of the SLI Calculation of HEP
AHP
FIGURE 11: Analysis process of HEP based on AHP-SLIM.
TABLE 6: Six typical human errors in the sample applications.
SN Human errors Detailed description of the errors
A, Missing bolts The RHM personnel forgot to mount the bolts.
A, Torque exceeding the limited value Excessive torque is applied when using the pneumatic wrench.
A, Parts assembled incorrectly Other parts are assembled mistakenly.
A, Operations in wrong sequence The operational sequence is reversed.
A Tools used wrongly Tools are incorrectly used.
Ag Screws not tightened Too small torque is applied when using the pneumatic wrench.

that P, = 0.004 and P, = 0.024, thus obtaining a = 4.833
and b = -2.799.

The HEP value of the entire RHM can be obtained by the
sum of HEP:

HEP = 0.0205 + 0.0078 + 0.0060 + 0.0136 + 0.0040

D
+0.0240 = 0.0759.

As shown in Table 2, the quantized value of HEP is within
the range of (0.2, 0.4].

3.3. Internal Factor Evaluation. Internal factor evaluation in
RHM mainly refers to evaluating the psychological cognition
of the RHM personnel at work. In this study, the RHM per-
sonnel’s psychological cognition is quantitatively evaluated
by expert scoring, as shown in Table 17. Five experts are
invited to score the inner feelings of the RHM personnel after
long-term operation. The results are provided in Table 18.
The average of the results of the five-expert scoring implies
that the psychological cognition is 3.4 (points). According
to the indicators given in Table 1, the quantized value of
psychological cognition is within the range of (0.6, 0.8].

3.4. Human Factor Evaluation in RHM Based on the Interval
Method. The quantized values of the seven indicators are
summarized, with the vectors illustrated by the interval
method as follows:

[4] = ((0.8,1],(0.2,0.4] ,(0.2,0.4] , (0.2,0.4] ,[0,0.2], )

(0.2,0.4], (0.6,0.8]) .

By expert scoring, we have the following initially weight-
ed interval vectors:

—

[Z] = ([0.8,0.9],[0.8,0.9],[0.7,0.8] , [0.6,0.7] , )

[0.7,0.8],[0.6,0.7], [0.6,0.7]) .

The weighted interval vectors of the indicators after fuzzy
normalization are

1= ([ ) 5 5] Gera) [ s
ERREHAH)E

The values of the human factor analysis on RHM are as
follows:

(14)

[R] = [TT{] . [ﬁ] =1[0.1,0.3]. (15)

In contrast to Table 4 (criteria for evaluation grades), the
fuzzy interval evaluation results on the safety performance
of the RHM scheme are of Grade E, namely, very poor. The
RHM scheme requires further improvements in equipment,
environment, and psychological diathesis of RHM personnel
(with HEP in RHM).

4. Conclusions and Further Works

In this paper, an integrated human factors analysis approach
is developed to evaluate human factors in the RHM. Com-
pared with the conventional RHM evaluations approach, the
proposed approach has the following advantages.
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TaBLE 7: KPSF that affect the errors of the RHM personnel.

Code KPSF Interpretation
KPSE, Experience and knowledge With extensive knowledge and experience in RHM, the RHM personnel can avoid most of
the errors.
KPSF, Safety consciousness The level of safety consciousness concerns the prudence and importance of RHM.
KPSF; Working environment The rational placement of tools significantly influences the errors of the RHM personnel.
KPSE, Workload Work fiiﬁ’iculty or work posture that does not match the personnel’s abili’Fy may exert
physiological and/or psychological pressure on the RHM personnel, thereby increasing HEP.
TABLE 8: Values of relative importance. TABLE 12: Evaluation matrix under the condition of KPSF,".
Value Importance KPSF, A A, A, A, A Ag
1 Two factors of the same importance A, 1 3 2 2 3 /3
3 One of the two factors is not important to the other A, 1/3 1 1 1/2 2 1
5 One of the two factors is relatively important to the other A, 1/2 1/2 1 1/2 4 1/2
7 One of the two factors is very important to the other A, 1/2 2 3 1 5 1
9 One of the two factors is extremely important to the other A 1/3 1/3 1/4 1/5 1 1/2
2,4,6,8 Median value of two adjacent values Ag 3 1 2 1 2 1

TABLE 9: Evaluation matrix for the evaluation factors.

Estimated value KPSF, KPSF, KPSF, KPSF,
KPSF, 1 2 2 5
KPSF, 1/2 1 1/3 4
KPSF, 1/2 3 1 5
KPSF, 1/5 1/4 1/5 1

TABLE 10: Evaluation matrix under the condition of KPSF,*.

KPSF, A, A, A, A, A, Ag
A, 1 2 3 2 4 12
A, 1/2 1 2 1 2 1
A, 13 12 1 12 3 12
A, 1/2 1 2 1 5 1
A, 1/4 1 2 1/5 1 12
Aq 2 1 2 1 2 1

X max = 6.365, n = 6, CI = 0.073, RI = 1.24, CR = 0.059 < 0.1, and W} =
[0.255,0.169,0.106,0.197,0.060, 0.218] "

TaBLE 11: Evaluation matrix under the condition of KPSF,".

KPSE, A, A, A, A, A Ag
A, 1 2 3 2 3 1/3
A, 1/2 1 2 1 2 1
A, 13 12 1 12 3 12
A, 12 1 2 1 5 1
A, 13 1 2 1/5 1 1/2
Ag 3 1 2 1 2 1

N\ max = 6.525, n = 6, CI = 0.105, RT = 1.24, CR = 0.085 < 0.1, and W, =
[0.230,0.170,0.107,0.199, 0.064, 0.230] "

(1) Human factors evaluation in RHM based on interval
method is introduced to solve the numerical uncer-
tainties arising from the fuzziness in human factors
evaluation.

*Amax = 6.575, 1 = 6, CI = 0.115, RI = 1.24, CR = 0.09359 < 0.1, and W =
[0.229,0.126,0.135,0.222,0.061,0.229] .

TABLE 13: Evaluation matrix under the condition of KPSE,*.

KPSF, A, A, A, A, A, Aq
A, 1 1/3 2 1/2 3 1/2
A, 3 1 5 1 5 1
A, 12 12 1 12 4 1/3
A, 2 2 2 1 5 1
A, 1/3 1/5 1/4 1/5 1 1/3
Ag 2 1 3 1 3 1

M nax = 6245, 1 = 6, CI = 0.049, RI = 1.24, CR = 0.040 < 0.1, and W, =
[0.124,0.286, 0.089, 0.230, 0.045, 0.226] "

(2) Human factors analysis based on simulation and
virtual human is used to support human factors
evaluation in the RHM design state. And it does not
need a physical prototype.

(3) The human error factors in the maintenance process
are analyzed using the HEP based on the AHP-SLIM.
The AHP is used to check the consistency among
the experts while the SLIM is used to convert the
likelihood into HEPs.

In the approach, the evaluation indicator system of
human factors in RHM is the key to the analysis of human
factors in RHM. As there are many factors that affect the
human factors in RHM, only the perfect evaluation indicator
system can get closer to the results of the facts. Furthermore,
we will improve the evaluation indicator system according to
different application scenarios.
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TABLE 14: Calculation results of SLI.
1
Wypss, = 0.424 Wps, = 0.181 Wypse, = 0.332 Wpse, = 0.063 SLL; = Y WA,
A, =0.255 Ay =0230 Ay =0229 A, = 0124 SLI, =0.234
A, =0169 Ay, = 0170 Ay, = 0126 Ay, =0.286 SLI, = 0.162
A, =0.106 Ayy =0.107 Ay =0135 A, =0.089 SLI, = 0.115
Ay, =0197 Ay, =0.199 Ay, =0222 Ay, = 0230 SLI, = 0.208
A5 =0.060 Ay, =0.064 Az =0.061 A,z =0.045 SLI, = 0.060
Ay =0.218 Ay =0.230 Agg = 0.229 Ay = 0.226 SLI, = 0.224
TABLE 15: Values of SLI estimated based on the results of the five experts.
SLI of Expert 1 SLI of Expert 2 SLI of Expert 3 SLI of Expert 4 SLI of Expert 5
0.234 0.230 0.227 0.236 0.225
0.162 0.124 0.142 0.153 0.135
0.115 0.108 0.105 0.104 0.162
0.208 0.221 0.211 0.117 0.207
0.060 0.103 0.072 0.095 0.083
0.224 0.225 0.230 0.302 0.241
TABLE 16: Averages of SLI and HEP.
Number Item Average of SLI Average of HEP Sorted by error probability
A, Missing bolts 0.230 0.0205 2
A, Torque exceeding the limited value 0.143 0.0078 4
A, Parts assembled incorrectly 0.119 0.0060 5
A, Operations in wrong sequence 0.193 0.0136 3
A Tools used wrongly 0.083 0.0040 6
Ag Screws not tightened 0.244 0.0240 1
TABLE 17: Psychological cognition scoring system.
Depresseq and discontented,  Irritable, with feelings Fidgety and Languid and Energetic but
Performance with feelings expressed by expressed by verbal . .
depressed fatigued actually fatigued
body language language
Scoring (points) 1 2 3 4 5
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