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Performance evaluation method for wall-climbing robots and its application
Jin-Man Kim' - Heon-Hui Kim® - Taek-Kun Nam'
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Abstract: This paper presents a methodology for evaluating the performance of wall-climbing robots. In the literature on
wall-climbing robots, there is little information on indices and evaluation methods for consistent and exact performance.
Because various types of wall-climbing robots can be developed with regard to adherence and locomotion, a general method of
measuring their performance regardless of type is needed. Therefore, we propose two major performance indices—the vertical ad-
hering weight and vertical climbing speed—and their stepwise evaluation procedures. To verify the effectiveness of the proposed
method, we applied it to a hull-climbing robot that we previously developed. The target robot was evaluated to have a vertical
adhering weight of 18.5 kg through a slip measurement procedure and a vertical climbing speed of 41 cm/s with a position
control system.

Keywords: Wall-climbing robots, Magnet, Hull-climbing robot, Motion tracking system

1. A & gl F Adutel QlojA 2hv)se] gl wek o
A A 9 AF AR Exo)A] Q7re] Hto] o]H et dEE A Ao ofele AASH e W32
S 27k Y] Fee 2=glsl 2= gl W= o) wEk o Wi 5o Aol glo] 23s o] &3 dAAE =
27} Bara] See)E gl Auke] obdAl B 9)e Al Atk mgh, Mute] FE/HxR Qs AA AR} Fs o]
SRAL gloiA, WAbge] A walshy] ferom gap 2 HAVE FHRE RERS ool s 54 sl
B s Z1E AN BAG, BAke) ge] 41 RSl SIsh me] 8 & Al eled A o
Qro o 3 Z3 o]Fe B2 SA A AAHE Bk AEL S K= 5 22k e A YA E Hg S
7] &) 23e sast ARl WS Asa g AeFel o] 2R7]ee 8% ARAlTe §2=
thap Aehe Azsls 2AAAE 84, B4 Fo g TEE T AT
o o8 tieks HEje] 2R S| uto] BLE T 9 230l g 2E B AAY oY SA A AS
B3] =9 1= A%, Fe wdy] wzty 2o iy TR A3 Fst7] A= W] bgH ez FApsto] of
o MW PAht 24 BHoR Bito] bsw Jupe w01 TPedloR AHBIOL F4H R ol FHel =X
Bew A7 QTHL6] < SHFE R (wall-climbing robot)]&} dc}. SHFREIES

T Corresponding Author (ORCID: http://orcid.org/0000-0003-0432-3504): Division of Marine Engineering, Mokpo National Maritime
University, Haeyangdaehak-ro 91, Mokpo-si, Jeollanam-do, 58628, Korea, E-mail: tknam@mmu.ac.kr, Tel: 061-240-7225

1 Department of Marine Engineering, Mokpo National Maritime University, E-mail: papa713@mmu.ac.kr, Tel: 061-240-7200

2 Division of Marine Engineering, Mokpo National Maritime University, E-mail: heonhuikim@mmu.ac.kr, Tel: 061-240-7256

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/3.0), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © The Korean Society of Marine Engineering



A wE

&ULHTMO = o =°
. = o B = = mr T
- o T W s
1T S EEE PETIT. £ITiE
W o E TR R o B X O W N < = 0 ol T No
2 B om ol Koo o b = F
X [ o NF [ — ® o = = W B e B}
o A il oF fo S } X o .
ot (- oF ST X 5 %o o NF ) o - €
< - s Ak KO R R = M 5 MR T 5
< N > Mo = W b2 > X o 4 NTORE g T Z
= e~ g R I B M X fo o
g op & 2 ® =73 vigq@n%ﬂ T By o Mk T = Ak oy
E FHhagD | = w4 w o T oo b N > 5 S
P T pwy EeE T M A K TR L T o] o E o
g »¥ET 4 |8 O B N T o e L o w
= o T X = NX mﬁﬁlﬂﬂﬁ %%mﬂﬂrﬂﬁlﬂr W A
° 7ok T o Mo A A+ RO GO - oD g B (- o N B <
= B = o g o - rN NN W F T X o iy
e =V 3 |7 w7 wE My S B A Nedy 2
E g™ |l gme &F R G il R 2 3%
2 on My N ogpa® A A Wﬂoﬁw%qﬂﬁ e e
g oS S S T oy T Bm g A W
oo ;K Hlo 2 = 5 Ao zT]&o ﬂoﬁMﬂQ]J. RArN = ey Jjo
) K & R T ek N T 7 oy K B T T T ~ E e
S P Laﬂ..ﬂﬂm,%_z CANE R gy ~ X5 *©
W X w ~ ;oL - _,SO ‘UIZ —~ OT o 1:‘._ = S,L o) 3 B o) H.A o ‘o — =
pa s E 2 Patplbz o _ﬁH%%MW%%Q AHT 5 AR
Tl ﬂ@ﬁ@ﬂﬂﬁ@%@ﬂﬁ%%@%ﬁhw R
AT B AN T %imﬂiﬂw% .__onriﬂr.m«gluut ™ E g 8 = ™
v} Lvt Ry oL <Y K o - R Mo o po w o
T N _NWV wp oo N O - M X0 = o T W y o R = ‘__ole A,a.h Do 2o
A A Lnnﬂdr.aeu» Q%%wr@ﬂc”_@ X gm ]
oA ® O m w ) CRCE -
Zl ‘HA_IHOUHU,LHZ XA.::ZOF ‘%.Io_imw WLE
TN W&E TR W Wl B ¢ L%
MR A R FEERTATER L
R s 2e M O w oo ER = W W e T
T o ﬂm_ﬁinﬂo1A = K o o X R so o T T Howm E B .
o =5 ¢ K o oy o ﬂo]oiﬂdw s TN A ) Ho K K
g a;m_f_f@@? i o X T K oy o =Tz kg © o e
B Eirhbwils rEE Pl a@@&%%QQW%aa%%
° m_,,wa%mﬁﬂm_mo %%%%ﬂ%@%ﬁ@ z %%ﬂ%%ﬁo%ﬁ%zg,zgw%w
9 S oo o oy E o 0 — = o ‘ T
oj T X —~— —_ oj " )
# R Hwpi @ﬁ%ﬂ@@ﬂﬂ%% = W%ﬂM%%wwqgﬁawm
o n A x T o of yr © 5B e O LR 7o o oy & - HoE
T e T ® R I L e
X EEToNws urmmaqwourgimamx Jlo Egﬁﬂ@%%%%iﬁﬂﬁ
—_ L, = X 3 ; 0 = = o) L T —~
L imIzRgT og_ha:@@zyﬂomy oo wEgmal !
= I 2= = oo — W X RO g o o o Ry P o= o X
401|Z-Q.01rﬂo ﬂlﬁ]errEo "o X T oy > 5 oAr S
T = ol Ll i o O oA R A e o =0
AH@LHT%%%%% %%%%ﬂﬁ%;ﬁﬁ o __ouol7aurma.ﬂwxﬂaa Mo -
XNEIpg g X o %%gl%#%HAx M o B REPR o
EEI AL e A I agmg%WEE%z%ﬂg%ﬂ
SIS EEEEE y2iilrzice 2 CrIiERiicaties:
0T o E oao T B < < w N XNy :
T D Jo i ° A W e = o = . = =N 5 o oy ok
pfatElioelesEriries g rTafTarElhEs 2y
0 g o o — o 3
E;Tﬂogmﬁoi%%gﬂﬂ%o%ﬂmwmoﬂ__oz a .@@W@%@%@%@%%%Wﬂ
EIOY _an_JAoJm#Wuvmwaﬂﬂ%;ﬁiﬁmuﬁmuﬂo% u._uxt_ﬁ_mﬂomm pmmﬂneulmﬂ;liﬂm
CHECCHCTINIEN o & o o me = o = o 1A%La%uﬂ%£ o
oo W P o N - 7! o2 I IR o=
o ~ o W JAEAi;dlauqum/mﬁioﬂﬁﬁ
2 it(%@ur«ﬂ%mi%%ﬂ@
% o o W AR o

63

oz gelEglont

=

=

HA|

=
gl

ZHet.

kel

climbing speed)®}

vhebd Aeltt. o)A,

=

=

%]

il

A418 A15(2017.1)

3

k3ol
& 3] ]

o
2 s}

€]

pul

1] 9

7k ST

=
=

=

il

]

gk mt el QA Y o

(e}
EE=



oo e m R e W NE R EH T R = 2o ok Wy oy T o N o
g Xl TR TE SHB MR oy FHET o A o
— , Z o o ) — o]
FTopaw TR Ex Paxgad® TEHT eS0T wa
No o Nk 20 TH Gl T iria
ﬂﬂé@m@m %J%F@.mﬂwﬂwﬂi% Mm%kﬂ?%ﬂﬂ_x%
Qe N EEM ML S - Il A
marie LEHIEGLRLERE TRl Cevpac

PR R e I ) s _ & N ~ o - .o R T

I o= A T S T R I A
B T AR B EER e MT oo m P T
QWﬂununxn Mm%ﬂ mpioﬁo#zzoﬂr.o# ﬂmoo - momﬂaan__/u
175 FiEreyrcbesiiiioteaiake
N L. iy T © 8N m < TP K mn T —m No= o .-
%%WWE M%ﬁ%mm?.@@&zﬁmi%m;ﬂ%fm%bfam
I R EE ST IR T R RS S 5

NN T ° 5 =B ONE= IR — g2 =
S LTS I AT TR S S B A
o w9 i f < ! < W <o —_—

A+ o P Ee e e® Yo s g 0T L’
RS S SN EIEES S S SR IS AR IET R LY
NS R AR LR AL A AL L
E_omﬂmﬁﬂmﬂﬂ?%zrﬂﬂﬂg%wﬂ/imﬂ%iﬂ@%%zm%%M

o K pldgTta P MR XXEE 2gME 0w 2 W oo

, N s eIy s demr how oy oo

T Pl N i S s S L NS S S BN

» 0 e B O A - B - 1 B R G S = ML M

- o A Mo e R R A T me o K e

0

o

~H

: %%ﬂmﬂ@s %wjrwrueovﬂﬂﬁ_ﬂnﬂi% HTH%frﬂMi%

e T o oK il SRR T X o) O <

© Fogn g D BEWE T ok B lgxgl

© g o W _RAREET I M Ry sl mn ™
wom_./wutﬁam E.oﬂ__o,c_o%ﬂmEiAo#EﬂmmL auﬂuﬂroq_ol_%ﬂﬂi

= BT o wwe e ™Mw g = . RO o
w A oo o o - B 5 T = M 5 ) - o o
J.mgﬂgw_/r uxﬂ7Lﬂﬂﬁmoﬂﬁ%ﬁﬂnidr.%wﬂrﬂizﬁd X
= 5 = Mo & o T JE— 0 o H NF o =
A ESEE: RN E LRI R TR IR
TEEIEX " e g T e R AT O ww .
o ™ = s —_ —_ R — 1 —_

o T o S . oo ™ X _ B o= et A i -l
WET TR wwﬂﬁ?ﬁ L R A Al ST A
2L eUE dATMTaE?Wd%L%W%Hﬂﬁﬂﬂ%?&ﬂﬂﬁ

— ) s 0 ™ ol 10 T 20— )
qulfio:T‘qo ﬂﬁﬂnﬂdhumﬂzeﬂr.wmﬂﬂm QL%MWoHdlMﬂMEWMLOEH
== OM\OI o HT B — P :,L o :.L o) BN ‘_ﬂol N g X %0 9
Jo O e B I N N B A N ST S
TTEEAEE R Tk TS gy g B o
TAFUIE N o IR ET TRt REe 2 0 bo Tl

s T W — = XD A o B —_ i Jor e o X ®O
ﬁmﬂ%ﬂﬂmu____mﬁmﬂuwr%wm%wwgﬁWﬂWW%ﬂH%WWuﬂ%%
B hE R R aREER YLy mmn kT g Ry

WX = oy N 6 < Moy A -
o B Db PR g R g AN R W e RRRNKR T o M N RO
= i < Ho& o A T = = A )

o © N o) W ATJ.ulLt R = = = = oy P = o B oo
f HL\T_.ﬁd_ﬂ X0 oH ol =% OME o » T N o o N o X v éeq_io - RO
7 MWT T o 2w gy oy CF
HTWRATT o a FEHMTERTR2EHT TR &7 ©k T T

64

H =

El

Ak Ao A 2~
Figure 3: Configuration of control system for a target robot

]_

3}

3
A418 A15(2017.1)

Fagole}

B
314

5

2 s}
il

€]

SRS

L

Figure 2: An example of measuring vertical adhering weight
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Figure 4: The target wall-climbing robot
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Table 1: Specifications of the mobile robot

Items Details

size 300 x 300 x 120 [mm]

weight 10 £ 0.5 [kg]
wheel diameter 60 [mm]

Table 2: Specifications of driving motor

Items Details
model BLDC PGM32L-3260E
working voltage 24 [V]
nominal RPM 138 [rpm]
efficiency 80 [%]
power output 93 [W]
gear ratio 70 : 1
encoder resolution 512 [PPR]

Table 3: Specifications of permanent magnet

Items Details

model NdFeB 35

size 50 x 25 x 20 [mm]
adhesive force 40 [Kg]
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Figure 5: Experiment conditions and speed profiles
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Table 4: Specifications of motion capture camera

Items Details
model Flex 13
resolution 1.3 MP(1280 * 1024)
frame rate 120 FPS
FOV 56°
interface USB 2.0
latency 10 ms
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Figure 6: Overall system configuration for evaluating vertical
climbing speed of a wall-climbing robot
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Figure 7: Experiment environment based on motion
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Figure 11: Experiment results of adhering slips measured

with increasing load

Figure 8: An example scene of the GUI program in motion

capture server
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Figure 9: Control and monitoring system for performance

evaluation of a wall-climbing robot

el

=
(I
N
o
Jlo
%0

Kl
110
Kl
g

<+

Holl Ao )

0

Ej

S

i

EE
Zo] 18.5kg¢!

e a3

I8

gul

H
7}

(¢}

]

=
A%

5

3l
=

3o 2.3.1

S

2w

3}ol, Figure 102} 7o)

S

I <
H}eko

el whel

HAl 47 =

S

1o

15 Aot

&}3]

A=}
T

oA = BAFZEE T

k53|
=

67

Sig UERfa Slek o] 7]el A 20~40cm/se] 9] ol A
171 ¢l

]_
5 A7} 45em/sS 7
[e}

=
=

F

=
X
B

-
A

A

A418 A15(2017.1)

CREER

Ao}

J

il

Figure 10: An example scene of measuring the slip of a
o

wall-climbing robot against adding load

Al



oY
e
o
o

o,

50

45 ~— 20 [cm/s]

40 P il 30 [cmis]
— Y 40 [cm/s]
235 ; 50 [cmis)
5
225
820
Lis

10

5

% 4_ 5 6 7 8 9 10

Time[sec]

Figure 12: Variation of wall-climbing speed
load (total weight: 10.5kg)

without adding

45

—20 [cmis]

40 = —30 [emis]

—40 [emis]

% —45 [cmis]
»'30 — -

2 3 8 9 10

4_ 5 6
Time[sec]
Figure 13: The speed at maximum adding load (total weight:

18.5kg)

2
fu
i
1o,
2
2
oX,
o
Jot
f
ol
o,
N

A2 Figurel3ol A
Aol mlsf P ARl £ W3}

ri

lo
o

-

2
2
=2,
2
)

L
ot off

o,
N r
N e

ko

i o, re
2 4o
oL
o T2
of dn i fto
A
32 9
RUNN
2
fil
He
9
i)

2

N
05){;5
o
rE

“ZO j'm ol 15
-z

o rg
o & o ofn
ol

Sy

ofr X -

X2

2
o

fx

32

-

N
-~
2

= e oy

N
—_
>
a
2

2

o,

r
N

N
T e
Y
==

I rlo
b1
il
_Q, ul
H
o

Mo AN
oz
o e

A A8k

32

2
22
ol
o,
38
&
2
2
i,
ok

e %

i
e
2
k)

32 K
i) N
"~
o,
o,

N
o
O+

of oo Mt = MHE oF B U

=2
BRI
42
02 -l
=2

3 A A4198 A1Z(2017.1)

i
!

7]
0159% HE PR AN R
ATl wop e
(NRF-2015R1C1A1A01053126). HE3F ©

a-Rr,

_[

o ERe

Spe

References

A. Grasso. “MINOAS deliverable
(D1): Definition of the inspection plan/definition of
[Online] Available:
http://minoasproject.eu/excibition/Publications/PDF/
D1.pdf,, Accessed August 26, 2016.

A. Mohammed, E. Markus, and B. Felix, “Design and
control of MIRA: A lightweight climbing robot for

[1] K. Tanneberger,

acceptance criteria,”

ship inspection,” International Letters of Chemistry,
Physics and Astronomy, vol. 55, pp. 128-135, 2015.
Y. S. Kim and S. C. Kil, “Latest welding technology
for storage and transportation facilities of liquified nat-
ural gas,” Journal of the Korean Society of Marine
Engineering, vol. 40, no.l, pp. 17-27, 2016 (in
Korean).

R. D. Dethe and S. B. Jaju, “Developments in wall
climbing robots: A review,” International Journal of
Engineering Research and General Science, vol. 2, no.
3, pp. 33-42, 2014.

H. Kang and J. S. Oh, “Development of a drive con-
trol system of a hull cleaning robot reflecting oper-
ator’s convenience,” Journal of the Korean Society of
Marine Engineering, vol. 37, no. 4, pp. 391-398, 2013
(in Korean).

H. S. Choi, K. Y. Kwon, K. R. Chung, J. N. Seo,
and H. S. Kang, “Development of cleaning module
and operating system of underwater robot for ship
hull cleaning.”
Marine Engineering, vol. 33, no. 4 pp. 553-561, 2009
(in Korean).

C. H. Jung, T. K. Nam, and J. S. Jeong, “A study

on the improvement of salvage procedures through the

Journal of the Korean Society of

collision accident of ships,” The Journal of Navigation
and Port Research, vol. 36, no. 10, pp. 851-856, 2012
(in Korea).
[8] M. O. F. Howlader and T. P. Sattar, “Development of
magnetic adhesion based climbing robot for non-de-
structive testing,”
Engineering Conference (CEEC), 2015 7th. IEEE, pp.
105-110, 2015.

[9] X. Gao, J. Sho, F. Dai, C. Zong, W. Guo, and Y.

Computer Science and Electronic

68



g Rt 2R e

o

7

Bai, “Strong magnetic units for a wind power tower
inspection and maintenance robot,” International
Journal of Advanced Robotic Systems, vol. 9, no. 5,
pp- 1-9, 2012.

[10] J. C. Grieco, M. Pricto, M. Armada, and P. de
Santos, “A six-legged climbing robot for high pay-
loads,” Proceedings of the 1998 IEEE International
Conference on Control Applications, vol. 1, pp.
446-450, 1998.

[11] M. G. Lee, S. J. Yoo, J. W. Park, and S. H. Kim,
“Modular type robot for field moving and tree
climbing,” Journal of Institute of Control, Robotics
and Systems, vol. 18, no. 2, pp. 118-125, 2012 (in
Korean).

[12] J. Ryu, and J. W. Jeon, “Research for the stand-
ardization technology according to published autono-
mous navigation/coverage test of IEC 62929,
Institute  of  Control, Robotics and Systems
Conference on, pp. 247-248, 2016 (in Korean).

[13] W. S. Lim, S. H. Sakong, J. O. Lee, J. H. Jung, S.
S. Byun, and J. H. Oh, “A study of performance
test for fire fighting robot,” Korean Institute of Fire
Science & Engneering Conference on, pp. 361-364,
2012 (in Korean).

[14] T. K. Nam and Y. J. Kim, “A study on the model-
ing for the control of magnetic levitation stage,”
Journal of the Korean Society of Marine Engineers,
vol. 27, no. 7, pp. 862-871, 2003 (in Korean).

[15] L. Yan, L.Zhang, T. Wang, Z. Jiao, C. Y. Chen, and
I. Chen, “Magnetic field of tubular linear machines
with dual halbach array,” Progress In
Electromagnetics Research, vol. 136, pp. 283-299,
2013.

[16] J. E. Hilton and S. M. McMurry, “An adjustable lin-
car Halbach array," Journal of Magnetism and
Magnetic Materials vol. 324, no. 13 pp. 2051-2056,
2012.

[17] Point, Natural, “Optitrack,” Natural Point, Inc., 2011,
[Online]. Available: http://www. naturalpoint. com/op-
titrack/, Accessed February 22, 2014.

=

Skl A A Yol e s A Al41d A135(2017.1)

e
ole
op



	외벽등반 로봇의 성능평가 방법 및 응용
	요약
	Abstract
	1. 서론
	2. 등반로봇의 성능평가 방법
	3. 성능 평가 사례
	4. 결론
	References


