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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.
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Figure 3: Configuration of control system for a target robot

Wall-climbing
robot

Vision-based
pose estimation system

Target robot system

r.l'f',f
U

€l

H =
Point tracking
control system

elf)

ASkE Ao} A 2

(r.0.6)_,

]_

oy,

R Tl ot

kel

Slip

e

A418 A15(2017.1)

Aagole}

:
|
:

Wall-climbing

B
314

5

o]

%1'8}

uond.1p Suquig)

SRS

Iron plate installed on the wall

L

R

Figure 2: An example of measuring vertical adhering weight

vkl o< 1 of

=il A



Magnet module  FEE

Controller

Reflective pattern

Wireless communicati

o= R webd FHE deoly FolA B&7
et doleuhe Aste] LA 71us FAEU
£EE HET 5 duk 53, olsh 2L AoIA 2GS of
8okt A9, LA Fo FNAAE A5ANE A9 A
ARPe THT F Arks Aol Ak o, Ak Y
WE Hg] A, PFRRS HEE(, )% AEE
(o)) T FER(roference) & AEWI %5 2 234
o7t FsatEs A5 o ve Fase] glojof gt

= Figure 401 YERG e} 28 = a3 A e
2 2 (hull-climbing robot)®] %S
TolM e 2R wE AdEE 9

1 1

. =1 =

oM FERS £YE Zol7] 9% BHOZ Gl FEE
o] ARHES HAHY nh FAHOZ, A § T
e SYA F RS B2 TEAY, 47 /)02

o
i
2, o i
> et
> 2L T
=
juv)
= )}u"
o
g
X
ofy
jabad
1z
o9
=
o
ok,
¥2
T
%
=

) A
oo

o
2
>
o
o
o
s
T,
=
e
rlo
=
g
@
D
=
2
K3
2
2

o)

T
fru
=
o
=
=)
2
£

B Fe] Al whg ko] F
Ak w3, 7] A4 g = Eol| Hlske] A}
93 TxEo] BYasng wEo Fx7} o

My oAb SUobb oot X oX o R
w, i
b
;O

e o

ol AeErt Ao o]gwd gz L] AN
0] A& Table 1 ~ Table 39| &A% o] At} 7)o
B A9 AYEe vFEste] 2ES A FEEEH

B

o

)

starmld Al Ay of g ehs| 2] A41d A1%(2017.1)

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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Table 4: Specifications of motion capture camera

s
o

o,

Items Details
model Flex 13
resolution 1.3 MP(1280 * 1024)
frame rate 120 FPS
FOV 56°
interface USB 2.0
latency 10 ms
Figure 7> 259 A543 E 98 7dd 23 34 S
JERT Utk ol7jel Sukeie) FaARe 99 Aw
st 6ol Fvlelt 2zt 1R8] ATk A Swie] ¢
AZA e vee] Ak G958 Gl 4o w
AbH(reflecting sphere)®] FHFS FA = WA O R o] Fof
u

At} B AFo) A Figure 4049k o] 47]2] WHALTES
vl x| 3+ HEAL Bl (reflective pattern)S SHFEH2] Advtol] K-
Z3haL, RANA A8 I 2 THMOTIVE)S 3 o] ukalg)
Ho 33k fxe} AAE AAIRE FH S sl

2 ATl A= MOTIVE®] 7|5 & AW (server)”] 57} 2~
E g9 (streaming) 7] 5 S SAA AARE RAGEE ]
EfAE T3 SholdE(clien)d] HAFHE=HE T
Ut} Figure 8-> MOTIVE®S] A3 o2 6] 7hrehzi-
H 2558 JAS EA81Y 3219 F7Hdel E9l whabaE
o] QX e} AAE FsHE AlElE HolFar Q)

starmld Al Ay of g ehs| 2] A41d A1%(2017.1)

el
L= S B
""" Reflective pattern
Robot -Z
system |
Muotion capture Server
Motion | . s . 6-Cameras

capture (Flex 13) ":‘\-
system | s
| =

(] GUI-based monitoring and control
system (client)

&

Figure 6: Overall system configuration for evaluating vertical
climbing speed of a wall-climbing robot

Control

i Network
system |

Camera(Flex 13)

6mm-iron plate

Target robot

Figure 7: Experiment environment based on motion capture
system

323 g5 BIE HO| ALH

Aol ME A B2 A AR Aejds fldt
GUI7|HEe] Sk Alo] Z2as Fdsglth 5k
2 Aol 22O S7E PCAA] FEEM st &
gho]AdE zragionx xuel AFylo] whalalrie] 9
Ao} AAAARE AAFteZ AFS 5 JEF FHEHA
th Aol ZRade] S8 Ve SHRRY 3 AR
7 Hade] et AAnto® 2pF Ao R 2ho]
L5 shal, F3o] Eubd ] 2
E 9 Fee Agst
o] A8 s e
40cm)oll Al HE X (0cm, 210cm)Z ©]538l= 5oke] xRk

4w agEz Heet 9

2



3 Nom Moo Mo & o o v T T o W 2 TRW R Ty W o ®
8 5 = ol T . ™ N G R NN AR T o Mg RO e
z T s . % =4 B Mo _ g T T o F o gy &

E CHEDE 5T Xo2e ,Hwme CANRECOR SN
— O = rg— > L R AR T = x

2 2 S I Rt Flenglengls

8 & %WAM@HW%V e — R WD o A FEom 2gwiT g
3 mvmo%]ﬂawo%A oﬁawﬁ%wmr?fr%%ma ]ﬂamm%%m%frno%A

~. & o A B OB A g %ﬂ%ﬁag Bl [Tglgw i, xod2d
= o T — X7 o m qr ‘;L — X ® N2 o o T e WS
§ gylgszse CEERIVLS] RoRtEsTEauTe
52 5oy & o _ ) N =5 X N T ow Wo o
7 o 2T P E X Tar 2, 2% e %ﬂ%%iwwtc.wxﬂ
of © KL ER el TR R EA g EER ﬂo%%%%ﬂ;ﬂﬂ N 9
52 e R T E 23  Fog NHrerWTXLELT R
ez Bﬂgﬁwﬁﬂw_/ﬂaﬂ Eﬁ]ﬂﬂlwﬂwﬁﬂ aﬂaTzTuTHﬂnmaﬁoMT%ﬂMo»

= N =z — 0 D = —_— = .

* g SHUELEss  ETRETERETE IR yevL.gizi]
2. 220 U09REE L Reslisef2Y EUIReRLEETT
E s = o my n_AIﬂMOMA_w];oﬂr = 3 )

o B2 FrxxmTam L gxwx  Sgh<wh R T TR N
Fp gxedacs Ve wne® TuePTaguliswr ®Posgrhels

RS T o e o o ¥ BB 4 wmoar Bl - T om T %o Ky F g s
.. & N2 g m D ol 75 m o e <7 Gy &2 <N o - 2 2 W_% X B & o
= 5 o I RE e N ) T &y N o MW W TG A 5&@1}11
- ey s 0 . o -~
£ w2 +2 2 CTpnmsoamoaome T bm s 4w owon <
3 ® T g -
() m e s
\. E £ ﬂﬂ?mﬂworo% &
: i 5 N B -
.I_ﬂLlﬂFM 5}
{2 = 5 ﬂ%3qqﬁ ) =S
8 = S 2T om
A1 o g = T oo z
HIAE 5T T W 5
e 2 & w Wogh 7 e g
H T d K
i an ) 7L:.L o
. g 8 o M OE °
! 58 Fo®E T o
— | ' BN 2o X W =
18 Om.n ﬂ‘u_mil%x w
i | 83 AT e B ”
|l < E = Xduogn KR )
S I s E
5 i 55 MUK gy TR g g 2
8 F qu L|__Ozf.o‘mﬂ;0‘w e
g Es DN owLlE A E oy g
c Lt 9% Rk EwagT T .
% ”a mm.%m L_O mﬁHTzTﬂMMH w
® $f 333377 :8§33: & & m 0 ﬁﬁoﬂe‘dll °
o uas post P =] < — = Bl
z PN Es o aémxE® 8 H
5] = 3 n o Mo B ) I =

67

A418 A15(2017.1)

CREER

S o}el el A 1 of

T

wall-climbing robot against adding load
<t



oY
e

50
45 — 1\ 20 [cmis]
40 R 1l 30 [cmis]
- \ ~40 [cmis)
,E 35 3 —50 [cis)
5
225
820
Lis

4 5 6 7
Time[sec]
Figure 12: Variation of wall-climbing speed

load (total weight: 10.5kg)

8 9 10

without adding

—20 [cmis]
40 —30 [emis]
—40 [cmis]
35
—45 [cmis]
@3
52
P \
B2 N -
o
$ N\
>1 '

5 1

2 3 8 9 10

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

18.5kg)

ol
2
il
e
1o,
2
>
o
tio
Jot
fz
ol
o,
N

. AAZ Figurel3ol A
Aol vl P A9l £ st

ri

lo
o

-

i_r“
ot off
(z
fu
e
K-
=

=)
2
X
N

of
N r
N e

ko

i o, re
£ fo
oz
N3
of o g fo
A
32 O
SN

2

N
05){;5
o
rE

“ZO j'm ol 15
-z
b

o rg
o & o ofn
ol

Sy

ofr X -

X2

2
o

fx

32

)

N
-~
2

U

N
—_
>
Y
2

2

o,

r
N

N
T
Y
==

I rlo
_Q, il
o
o, —r
D
_OrL
ofy
_&L_l‘
4
X

H
il
H
g

A A8k

32

fo AN

2
2
ol
o,
38
&
2
2
i,

o%

i
o3

% %

o

32 K
= N
L
Lo
)

S
o2
=
o
=
4

e

of oo Mt = oMHE oF B U

=2
o 3
42
o2 -l
2

3 A A4198 A15(2017.1)

o
o

o,

a2
< 7]

o] =i 20159% AR HAE)Y] AP

SaAacte] xYs ol FIE v2AFAEY

(NRF-2015R1C1A1A01053126).

= oo
Tgl o] =

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).

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. Priecto, 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 g e s A Al41d A135(2017.1)

e
ole
op



