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Abstract : In this study, we aimed to identify the important hazard factors and
determine their criticality in causing serious accidents in vehicle-mounted mobile
elevated work platforms (MEWPs). Fuzzy failure modes and effects analysis (FMEA)was
performed using accident data and a survey of experts. To determine the hazard factors,

the accident data for the last 10 years were used and a questionnaire survey was
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designed. The questionnaire survey was sent to four experts in the field of occupational
safety to determine the severity, occurrence, and detectability of serious accidents in
MEWPs. Furthermore, objective RPN scores and risk priority were obtained using fuzzy

FMEA. Finally, the criticality of hazard factors in descending order was found to be
overloading, non-installation or defective installation of outriggers, breakage due to wire
rope aging, and illegal remodeling of vehicle structures. The results were verified by
comparing the occurrence data of serious disasters.
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Table 1. Hazard factors of vehicle—-mounted MEWP

No.
F1
F2
F3
F4
F5
F6
F7
F8
F9

F10

F11

F12
F13
F14
F15
F16
F17
F18

Hazard factor
No work instructions
Inappropriate work method
Failure to wear protective equipment
Unimplemented safety certification and inspection
Non-installation or defective installation of safety guard rails
Inexperienced in driving a vehicle-mounted aerial work platform
Damage caused by defects in vehicle structural parts
Insufficient vehicle inspection management
Illegal remodeling of vehicle structures
No supervisor

To operate due to arbitrarily canceling the protective equipment
function

Exceeding rated load

Non-installation or defective installation of outriggers

No protective equipment installed

Inadequate vehicle tripping prevention measures
Exceeding the maximum working radius of the equipment
Breakage due to wire rope aging

Side brake not engaged
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Table 2. Risk level and linguistic expressions for severity

Level Category Description
L1 Very low Safety
L2 Low Not serious injury
S L3 Moderate Minor injury
4 High Severe injury
L5 Very high Death

Table 3. Risk level and linguistic expressions for occurrence

Level Category Description
L1 Very low Essentially zero
L2 Low Likely occurred once
(6] L3 Moderate Moderate probability
14 High High probability
LS Very high Extremely high probability

BHROIIBHE|R|, H|38H H|15, 2023

Table 4. Risk level and linguistic expressions for detectability

Level Category Description
L1 Very low Remote chance
L2 Low Low chance
D L3 Moderate Moderate chance
L4 High High chance
L5 Very high Very high chance

Very Low

Low Moderate

High Wery High

Membership Value

o 1 2

3 4 5

Fig. 1. Membership function plot of S, O and D,

Table 5. Numericalize linguistic terms with fuzzy numbers

Linguistic term Fuzzy number
Very low 0,0, 1,2
Low 1,2, 3,4
Moderate (3,4,67
High 6, 7,89
Very high 8, 9, 10, 10)
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Table 6. Analysis of Vehicle-mounted MEWP occurrence
accident data

No. Numberof poieos) | No. umberof p i)
cases cases
Fl 66 5024 | FIO 2 16
F2 15 19 | FI 4 32
F3 9% 762 | FI2 10 79
F4 2 16 FI13 4 32
F5 52 413 | Fl4 4 32
F6 4 32 FI5 9 7.1
F7 21 167 | Fl6 9 71
F8 23 183 | FI7 9 71
F9 2 16 FI8 1 08
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Table 7. Scores on hazard factors by experts
SMEI SME2 SME3 SME4
S OD S OD S OD S O D
F1 H H L H H L VL, M, VL. M M, VL
F2 VH, H, L H L M H ML H, H, M

No.

F3 H H, L H M, L M, H, VL  VH, M, VL
F4 VH VH VH VH L L H L VL VH M VL
F5 H HM H L L VH, L, VL  VH, H, VL
F6 LML M, L, M VH, L, L H, H, H
F7 LML  VHVLL HLL VH, H, M
F8 M H L LHVI VEML MMH
F9 VA ML VHVLL VHVLL VHHH
FIO H HL H ML M M, L HLL
FIl VH H VH VH ML HLL VH, H, L
FI2 VH H VH VHL L VH,L,L  VH H VL
FI3 VH HL VHLM VHLVL VHHM
Fi4 VH HL VHHL HLVL VHHL
FI5 VHHL VELHL HMVL VELML
FI6 H ML VH L, L VH, L,L  VH H VL
FI7 VHHL VHVLL VAML VAMH
FI8 L LL L, VL, VA  H L VL H L VL

Table 8. Membership function of scores on hazard factors

No. S 0 D
FI VL, M, H, H M, M, H, H VL, VL, L, L
F2 H, H, H, VH L M H H LLMM
2¢] M, H, H, VH M, M, H, H VL, VL, L, L
F4 H, VH, VH, VH, L L H VH VL, L, M, VH
F5  H H, VH, VH L L HH VL, VL, L, M
F6 L, M, H, VH L L MH L L MH
F7 L H, VH, VH VL, L, M, H LLLM
F8 L, M M, VH M, M, H, H L L H VH
F9 VH VH VH, VH VL, VL, M H LLLH
F10 M, H, H, H L MM H LLLL
FIl  H, VH, VH, VH L M H H L L L VH
FI2 VH, VH, VH, VH L L HH VL, L, L, VH
FI13 VH, VH, VH, VH L L HH VL, L, M, M
Fl4 H, VH, VH, VH L L HH VL, L, L, L
FI5 H, VH, VH, VH L L MH VL, L, L, L
Fl6 H, VH, VH, VH L LMH VL, L L L
FI7 VH VH VA, VH VL M, M H LLLH
FI8 L LHH VL, L, L, L VL, VL, L, VH

G LA dd T Table 52} 4] (D3l
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Table 9. Fuzzy membership function of S, O and D of hazard
factors

No. S (6] D

F1  (3.75, 45, 5.75, 6.75) (4.5,55,7, 8 0.5, 1, 2, 3)
F2 (6.5, 7.5, 85, 925) (45, 5, 625, 7.25) (2, 3, 45, 55)
F3 (575 675 8, 875) (45,55, 7, 9) 05, 1,2, 3)
F4 (75, 85,95 975) (35,4, 5, 5.75) @3, 3.75, 5, 5.75)

F5 (7, 8 .9, 9.5) (3.5, 45, 55, 65 (1, 1.5, 2.75, 3.75)

F6 (45,55, 675 75 (225 3755 6) (225 275 4, 5)
F7 (575,675, 775, 825) (2.5, 325, 45, 5.5) (1.5, 2.5, 3.75, 4.75)
F8 (375, 55,625 7)

@5, 55,7, 8) @, 5, 6, 6.75)

F9 @8, 9, 10, 10) (225,275, 4, 5) (225, 3.25, 425, 5.25)
FI0 (525, 625, 75, 85) (325,425,575,675) (1,2 3, 4)
FIl (75, 85,95, 975 (4 5 625, 725 (275, 3.75, 475, 5.5)
F12 (8, 9, 10, 10) (35, 45,55, 65) (2.5, 325, 425, 5)

FI3 (8, 9, 10, 10) (35, 45,55, 65 (L7525, 4, 5)

Fl4 (75, 85,95 975 (35, 45,55, 65  (0.75, 1.5, 2.5, 3.5)
FI5 (75, 85, 9.5, 9.75)
FI6 (7.5, 85, 9.5, 9.75)

F17 @8, 9, 10, 10)

(275,375, 5, 6) (075, 1.5, 2.5, 3.5)
(275,375, 5,6) (075, 1.5, 2.5, 3.5)
(3, 3.75, 525, 625) (2.25, 3.25, 425, 5.25)

FI8 (35, 45,55 65 (075, 1.5, 25,35 (2, 2.25, 325, 4)

SH20rBHS| 2|, 4|38 A 15, 2023
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Table 10. F-RPN calculation and ranking of hazard factors
Severity Occurrence Detection F-RPN Centriod )
No. Ranking
Lefthand  Righthand  Lefi-hand  Righthand  Lefi-hand  Righthand  Lefi-hand  Righthand ~ F-RPN
F1 4.125 6.25 5 7.5 0.75 3 0.420 0.639 0.529 17
F2 7 8.875 4.75 6.75 2.5 5 0.636 0.825 0.730 11
F3 6.25 8.375 5 7.5 0.75 2.5 0.579 0.793 0.686 12
F4 8 9.625 375 5.375 3.375 5.375 0.705 0.864 0.784 6
F5 7.5 9.25 4 6 1.25 3.25 0.663 0.836 0.749 10
F6 5 7.125 3 5.5 2.5 45 0451 0.666 0.558 16
F7 6.25 8 2.875 5 2 425 0.548 0.725 0.636 13
F8 4.625 6.625 5 7.5 4.5 6.375 0.470 0.681 0.575 15
F9 8.5 10 25 4.5 2.75 4.75 0.733 0.881 0.807 4
F10 5.75 8 375 6.25 1.5 35 0.519 0.743 0.631 14
F11 8 9.625 45 6.75 3.25 5.125 0.714 0.883 0.798 5
F12 8.5 10 4 6 2.875 4.625 0.747 0.900 0.823 1
F13 8.5 10 4 6 2.125 45 0.746 0.899 0.822 2
F14 8 9.625 4 6 1.125 3 0.703 0.865 0.784 6
F15 8 9.625 3.25 5.5 1.125 3 0.695 0.858 0.776 8
F16 8 9.625 3.25 5.5 1.125 3 0.695 0.858 0.776 8
F17 8 10 3.375 5.75 2.75 4.75 0.740 0.896 0.818 3
F18 4 6 1.125 3 2.125 3.625 0.347 0.487 0.441 18
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No. Lefi-hand Righthand ~ D-RPN Ranking
Fl 0427 0.588 0.507 16
2 0599 0.764 0.681 12
3 0.638 0.796 0.717 1
F4 0.683 0.827 0.755 7
F5 0.664 0.811 0.737 10
F6 0428 0.614 0.521 15
F7 0.547 0.691 0.619 13
F8 0417 0.591 0.504 17
F9 0.723 0.856 0.789 3
F10 0.488 0.683 0.585 14
Fl1 0.683 0.826 0.754 8
F12 0.724 0.855 0.7901 1
FI13 0.722 0.822 0.788 4
Fl4 0.678 0.818 0.748 9
FI5 0.678 0.819 0.7485 5
Fl6 0.678 0.819 0.7485 5
F17 0.723 0.856 0.790 2
FI8 0343 0516 0.429 18
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No. F-RPN D-RPN No. F-RPN D-RPN
Ranking Ranking Ranking Ranking
F1 17 16 F10 14 14
F2 11 12 F11 5 8
F3 12 11 F12 1 1
F4 6 7 F13 2 4
F5 10 10 Fl14 6 9
Fo 16 15 F15 8 5
F7 13 13 F16 8 5
F8 15 17 F17 3 2
F9 4 3 F18 18 18

=< OE el saln Aoy SHoA Hz
wot AeEs W Jﬂ7}°¥°“‘7l =l 2 A S
ot AP0 A S5 TedES Bl 53]
ouFsF 2= Qla, e SEF QAT ZoAEE B
A7) ZEANHTH= Asf7t Sget A9 9FA
S W37] 93k oAl o] A oleta Owgw_ g
= 75 5 Utk

(o

& Aol A&7t HA-FMEAZ O] A= HF
sto] W27t B A &7 F-RPNO| 91394
ek Al Al HolHE EH?J Sto] =E]E D-RPN
FAENE v W 8-S Table 129} 2k Hlal
Z3} F-RPNZ} D-RPN 2% FlZ(Z;‘ A5tz 23} ZA)7}
P B ESAeR et =3 il
I A= 7 EH oz A
Uebtth web B A-FMEA Zee] a9l ek,
A84E tA dSsith 1y FII(WSAA 7%
oAl Tz QAT Fs=s), FlAEEdA nd
), FI15(AF A=) 23] 2, Fl6(3] 2t 2+
Elee ﬂrokﬂ AW)OM Frofuleh 2ol 7 LA =T,
I dRlers F 7HA7E Slch
A. A4, A=, AEEe] 7R AA] TE
Foltt. & dollAe AFFARRL Aol 28 F
I Carmignani”©] ¢-to A A v s Fa =&
7}EA) A5tsE 59 E [0.5396, 0.2970, 0.1634] ZH
Agoto] JAEE YAERG oF 2u], HEEHT oF
3u) Fa5kA F7hskel7] el STiAsiAbE oAl =
=% =S AT 237} D-RPN gl 91894l
Aol 2 &= MAA g2 AR 25T 4 Uk
4. AeAARE =S 10deR A4t
of aig 71Xt &< FISGHE A=A 24 &%), F16
(&Rl A 2 W 23sto] ARGl HhE AE8 A
Hep go] dAste] desHA Ad- Al dee o

Bl Ro® F33 4 9tk

o>

do

j2

=]

oR
>4

1

15



AlE - oldE

4.4
B Aol Y TAAT B Fa f
sgldasel sEedess A g3 M=
FMEA®] 42 Bekst wx-FMEA7 S o] 85t
o). Zelm WAEMEAZ|H O] AlEAS A5 ¢
AR AmeolHE helste] £ S1PSAES] A
sho} vlwsglch ATA ARYskE 23k AR, ok

Ee)7] wjAx] Bl B, olojRI 1F FO
2 QIgh shh, A LE BY N 20
40] SIS AR B4 Lrebge
£ A7E §3) 298 18 A9 aL 9B
Heefll &5 AFEAP nbgde) Fehhs) oy
Y B9 SHOR ashor
9% YR AT 5 AW, F
b A FARESAA 242 TE

I3

il
do
o
4o
ot
fo |

AAT 4= QL Aot}
B o] mAe obhte]s} njEet At A
B 7)RAQ slol=akle AAISE
TA} AFJRZIAL A S ARk HAIQlS - AL
I TR FASAAES TR
Ae7he AdAste |7rdatel sdet 7AlE Fo
shoich wheka] SAfef mhEk v AdA7IET A

g

N
)
2
o
W
)
o
o
rd

=

A3} BHo AR A AT} o Wekshn AlEs
o
g

Acknowledgement: This work was supported by the
National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. NRF-2021
R1F1A1059207).

References

1) J. H. Lee, “Review of Safety Measures through Analysis
of Accidents on the Vehicle-mounted MEWP(mobile
Elevated Work Platforms)”, Journal of the Korea Institute

16

A - GHE

of Construction Safety, Vol. 1, No. 1, pp. 47-56, 2018.

2) Korea Occupational Safety & Health Agency, “The Mobile
Elevated Work Platform Safety Management Manual”,
2022.

3) K D. Lee, J. H. Shin and J. -Y. Lim, “Critical Hazard
Factors in the Risk Assessments of Industrial Robots:
Causal Analysis and Case Studies”, Safety and Health at
Work, Vol. 12, No. 4, pp. 496-504, 2021.

4) Office for Official Publications of the European
Communities Luxembourg, “Guidance on Risk Assessment
at work”, 1996.

5) 1. H. Cho, “A Empirical Study on Safety Improvement for
Vehicle-mounted Elevated Work Platform”, Dept. of
Industrial and Management Engineering, Graduate School
Myongji University Doctor Thesis, 2014.

6) M. C. Han, “A Study on Securing Safety to Prevent Safety
Related Accident of MEWP (Mobile Elevated Work
Platform)”, Dept. of Safety Engineering, Graduate School
Seoul National University of Science and Technology
Master Thesis, 2014.

7) Y.T. Yoo, S.E. Seo, H. J. Youand S. K. Kang, “A Study on
the Safety Improvement of Structural Weakness Using
Accident Analysis for Vehicle-Mounted MEWP”, Journal
of the Korea Safety Management & Science, Vol. 19, No. 1,
pp. 15-25,2017.

8) D. H. Choi and J. H. Kim, “A Fatigue Analysis Study on
the Fractured Fixing Bolts of Mobile Elevated Work
Platforms”, J. Korean Soc. Saf., Vol. 34, No. 5, pp. 1-6,
2019.

9) Korea Agency for Technology and Standards, “KS B ISO
12100:20107, 2010.

10) R. E. Mcdermott, The Basics of FMEA, Productivity, 1996.

11) K D. Lee, “A Study on the Development and Application
of Risk Assessment Model for Collaborative Tasks of
Robots”, Dept. of Safety Engineering, Graduate School
Seoul National University of Science and Technology
Doctor Thesis, 2022.

12) A. Lopez-Arquillos, J. C. Rubio-Romero, M. Starez-
Cebador and M. del Carmen Pardo-Ferreira, “Comparative
risk assessment of Vehicle Maintenance Activities: Hybrid,
Battery Electric, and Hydrogen Fuel Cell Cars”,
International Journal of Industrial Ergonomics, Vol. 47, pp.
53-60, 2015.

13) M. R. Hallowell and J. A. Gambatese, “Qualitative
Research: Application of the Delphi Method to CEM

J. Korean Soc. Saf., Vol. 38, No. 1, 2023



T2 FMEA7 |2 0183t AYEAE DA%

=}

29

Research” Journal of Construction Engineering and
Management, Vol. 136, No. 1, pp. 99-107, 2010.

14) S. H. Na, G. E. Lee and J. M. Koo, “Risk Analysis for the
Rotorcraft Landing System Using Comparative Models
Based on Fuzzy”, J. Korean Soc. Saf., Vol. 36, No. 2, pp.
49-57,2021.

15) Y. M. Wang, K. S. Chin, G. K. K. Poon and J. B. Yang,
“Risk Evaluation in Failure Mode and Effects Analysis
using Fuzzy Weighted Geometric Mean”, Expert Systems
with Applications, Vol. 136, No. 2, pp. 1195-1207, 2009.

16) Stamatis D. H, Failure Mode and Effect Analysis, ASQ,
2003.

17) Z. Yang, B. Xu, F. Chen, Q. Hao, X. Zhu and Y. Jia, “A

SH2OrMSHS| 2|, HI387H A1, 20231

1%

New Failure Mode and Effects Analysis Model of CNC
Machine Tool using Fuzzy Theory”, The 2010 IEEE
International Conference on Information and Automation,
pp. 582-587, 2010.

18) J. H. Park, C. S. Park and S. E. Ahn, “Aircraft Operational
Risk Assessment Model using Fuzzy-FMEA”, Journal of
The Korean Institute of Plant Engineering, Vol. 21, No. 1,
pp. 67-75, 2016

19) G. Carmignani, “An Integrated Structural Framework to
Cost-based FMECA: The Priority-cost FMECA”,
Reliability Engineering and System Safety, Vol. 94, No. 4,
pp- 861-871, 2009.

17



