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Z1EM WCC (Wall Climbing Car)
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Wall climbing inspection robot using propeller thrust

Seunghwan Um*, Hyeonju Gwak*, Boseok Kim*, Jachyun Nam®*,

Hyungjin Park*, Changho Lee* and Joonmyung Choi*¥
yungj g yung
* Department of Mechanical Engineering, Hanyang University ERICA

Key Words: Inspection(77), Climbing(‘s-®}), Propeller(?Z =3 ), Adhesion Forces(}-2%)

Hg o] g3 wy F3 H7 2R, o] WCC(Wall Climbing Car)i= X 2 B
% 2 wol #Ee Afshe 2Ry Y 22 Zed

2 Fd¢ 379 F g @e] btk 23RS WudA ogsA

o AEE B Agetr] e, Aolm ANE B3 WA Yawing AEE FAste] xrAe A

te] Pichsl Rolle AAZEow 7] AN =3 Ao} 289 4 olgd) o A7 7]
Fol Bt Asle] AL BAG Ak meb B 2Re /1Ed 9 4o 9@ Fus
o, ggel B W g AR P2 F ol

Abstract: The WCC(Wall Climbing Car) is a robot that uses propeller thrust to check cracks in infrastructure.
The robot uses a propeller thrust and steering system so that it can travel from the wall freely. To rotate the
WCC without lifting the body from the wall, the Pitch and Roll of the propeller support are modulated
through a gyro sensor based on the Yawing degree. In addition, the camera and ultrasonic device were
equipped to detect cracks of sizes that meet the criteria for the crack inspection. Therefore, the WCC
overcomes the dangers of existing visual inspection and reduces the cost and time required for inspection.
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(b)

Fig. 1 Common methods to inspect cracks on walls : (a) Visual inspection (b)

Inspection using a drone
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22 AA
2.2.1 AAA A

(b) The propeller

rotation part

(c) Car body part

(d) Chassis part

(a) The overall design

Fig. 2 The three main components of WCC (a) The overall design (b) The propeller rotation part
(c) Car body part (d) Chassis part
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(a) Propeller
Support

(c) Pitch Rotating
Servo Motor

(d) Roll Rotating

Servo Motor () Shock Absorber

. (e) Servo Motor
connecting parts

Support

(g) Frame Pipe _ |
connecting parts

(h) Servo Motor

(Steering System)

Fig. 3 Components of propeller parts (a) Propeller support (b) Propeller motor support (c) Pitch
rotating servo motor (d) Roll rotating servo motor (e) Servo motor support (f) Shock absorber

connencting parts (g) Frame pipe connecting parts (h) Servo motor (Steering system)
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() (b)

Fig. 4 Structure analysis of propeller support assembly (a) Total deformation (b)

Stress distribution

Table. 1 Property values for analysis of propeller support assembly

Element size Orthogonal quality Skewness Nodes

Value 3.02 mm 0.73398 0.26442 126661

) AE ZE A A

Fig 3 (9 A1 2 AAtE Tae Axe adse] Feat AAtel 2AE AYs A =
A Fig 3 (o) TeQ) ol 1F FyolA QAL Y RES A AW wEE nYsn 2
Ao AR Y] Eol T % J1F AL v, Fig 3 (A AAAH FEAE AR} N2 143

= = E
=150l Qrh B3 wa RRe RE F 23 G2ME A AN Fof SFe mEA wis,
&3 Aaw AAY B AR YA

An 2E AARE A AAge P A Fug v
siastel Al AL wASGon T& ARG AP B AR =R A A7)

1

W

a5l Awa SEsH s Aes st AAsirh

Mu EHE S Axde] gdel AR ddstr] 28 Fig. 5o} #o] Fig. 5 () &F1¥F &A o)
3} Fig. 5 (k) Hlol¥& Afsta &FvlE dolzgt A4S 98 Fig 5 () =JAE F5S A7, A=
ahlTh A B WE S 2QE Abo] AZE A Fig 5 (k) #E} TEE o8k

Mu BH-BEP- 2R Bty Fowolg-zt A o2 ddsta MR REer a2 A A
& ddshs Foll Wold & ARgste] shee A,

(1) Bracket _l (k) Bearing

(D) Aluminum
Axis

Servo Motor

t

(j) Joint

Fig. 5 Parts to connect servo motor to each support parts (i) Bracket (j)
Joint (k) Bearing (I) Aluminum axis
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223 A A
by A
2 23 (Suspension)> A 2Fe] F2 FAZA EE5EH] FHo] AU GSAA HAEEHA @A
TAS 7%t AR Y A
Wb AsEa 4 B
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il

& e Ars A Sxs A4 5% wEeR ded & dad Hded dAsta, 7
o= EH ARSI 2 AAES aste] AATH. £ VojE RE O g3t 2% JA7F AT
T F JEF TS FHoF drkes Aol vk MadAdS 9 FA eHS FEATIR A
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= =

al & olfolty g e M2 Bld nlaste] 54 FEolwt g o] HF
HA e FxolH, AAIE WASHE ©l 9lo] BluLA] A oFo] Ath= o]Ho] uth Fig. 6= Ak
23 AA BEolt) Fig. 6 (a)2] &3 4 A A t(Shock Absorber Support)2hi= F-3&
(Shock Absorber)oll Bt A AI3to] o] H(Upper) &aF A A3} Fig. 6 (c)2] H FE] o] 6
(d)e] 2o} ¢to] AEZE 9 A E(Control Wishbone)o & A3} o] ool Fig. 6 (b)e] & FLu7F A
Axo] 25S ) Fig 6 ()9 7= EH AlojAy HAS FOo2 3|dsiy 7ol EHE 1
AA7 e 9T gt dRbA Rl HE A B S A aAld o] dART 2ol ol EAlgte =

(a) Shock Absorber
‘v - Support

tlo rlo

(b) Shock Absorber

(g) King Pin

Fig. 6 Components of suspension parts (a) Shock absorber support (b) Shock absorber
(c) Upper arm (d) Lower arm (e) Geared motor case (f) Wheel (g) King pin
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() (b) (© (d)

Fig. 7 Double wishbone type (a) Collision between the geared motor and the shock
absorber (b) Low mount type (c¢) High mount type (d) Distributed load in high mount type

Wb E WAS ARSEIAIYE, o] 2R AR TEoR AAEAY] wiEel Zo] 4 ofF F Apole] 7]
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@ (b) ©

Fig. 8 Vector Loop equation (a) The load is not applied (b) Driving on the ground (c)
Driving on the wall
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(2) (b)

Fig. 9 Calculating the steering angle using a 3D diagram (a) Diagram of steering
system when system pulled (b) Diagram of steering system when system pushed
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> B ----- Minimum radius of rotation
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py = 1.0, ZETHEA T, =0.82 v S 7ML YRS Sk AA ntEASsE S48 Fig
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1L, Fig. 129 o] ZAE kA9 W B3} L2dS o] g3 4¥ FAE FHAAL, 48 A=
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(1) Y F, =T—F;=T—yN=Ma, Y,F,=N—Mg=0

(Z)ZFy =mg— T=ma (3) = %at2

* Assume concrete material
* M=3.67kg

Fig. 11 Method of measuring friction force by experiment Fig. 12 Actual experiment
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(®)

Fig. 13 Design of wheel (a) Modeling of wheel (b) Analysis of

stress distribution of wheel

Table. 2 Property values for analysis of wheels

Element size Orthogonal quality Skewness Nodes

Value 2.2 mm 0.69295 0.30494 122730

ot

v AA HF P4S Fig. 13 (@9 2ok vkF vFEEe e g AR aFRs oA A
T} ANSYS 23S o] &3t s Ay FHu $=-2 Table. 29F Fig. 13 (b))% #°] ABS A=7F 714
= HAES] 30MPaRth Z4E 0.738MPal R ool wSlAE me ZAbs = ARl e &
o]

224 ¥F A% % AH3 47
Au wE AAdE 35 2 AE T2 5 vedtel FRE AYsky 2EA AL TS
AR 5 QeA, Az Fh0 MY AeAE s 98 49 APk oA HIL
; e Foie. AP w5

Fig. 14 Fracture experiment of servo motor support and pitch support, It was

broken when mass of 1.5kg weight dropped from height of 30cm.
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Table. 3 Mass difference of each parts after lightweighting by modified design

Propeller Suspension .
Servomotor Support Pitch Support Total
Motor Support UpperArm
Quantity 2 4 1 1 1 1 10
Before 72.4 g EA 319 g EA 86.2 g 587 g 495 g 456 g 5124 g
After 540 g EA 26.1 g EA 663 g 575 g 48.6 g 415 g 4263 g
Ratio of change | 25.41 % EA 18.18 % EA | 23.09 % | 2.04 % 1.18 % | 899 % | 16.80 %

J
~|

==

WV

Fig. 15 Progress of lightweighting by modified design (a) Propeller motor support (b) Suspension
upperarm (c) Servo motor support (d) 2nd Modification of pitch support

Al o] FAE 9 F A== Fig. 153 #Zo] HHsE gy, 24

=

225 A& et 2 g e A

7h A& Fh et

AAE Fhlegls 8w 8 A 8w e 498 RAIE 938 g vl g8 s o] S
2oz nitte] B AL ulg R 3002 7]Lolx Y, JhdeEte dze HE Ao A=
233mmE 210mme] ZFAY R 2 A A=A

Fig. 16 (2) 7112 4%} Fig. 16 (b) 742t AAthe] F3& wade nefstel 42 $Ea7] 47
S %9 FER AN, Fig 16 () olX LAHE Slolele] BES) UES o83 e Tl
e FAE 34 FAE Fashel WAL,
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(a) Camera fixing part

Fig. 16 Commponents of camera fixture (a) Camera fixing part(b) Camera support (c)

Fixing part

W o= 2 A7)

Fig. 17 () THE 22 Buold 290 g EA, st 942 498 5+ Q=S ) 23 8
A Abolel l40mme] ALE FBF 5 Qi AUECE AAHAL 48 FAE o §F TR A
wEe H4E 4 £EoR WEd Fr AAE F 153mme FAANE oFW & vk BeE 2
o ERE: AYRE Wi FAY EAT T 5 YT Fig 17 (b) 2Eeol, Fig. 17 (o) £F A
2 WA ASY 5 AES AASG 5 2GRl FFo] e WA Wshy GAb g S Faa)
o fFa MAow ¢4 & A

(c) Stamp

Fig. 17 Application of multifunctional arm (a) Design of multifunctional arm (b) Multifunctional arm
equipped with spray (c) Multifunctional arm equipped with stamp
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Fig. 19 Angular momentum diagrams of rotating propeller and propeller support
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Ede Zhee®e A W3y 2a A0E A2 Zgkal 7FgEtd sinAf = A, cosnf=1 =
A Ak A A4S obdls Pk v, & ZRAT Y AEE, o= NAF] 4EER ¥

-~ dL Z*Z L,(— jsinAg+ k(=14 cosAf)) L,(—jA8) A0 - .

r= = ~ = L5~ — L= — 1

dt At At At At
wi = Lw, = (1.8 10 "kg-m?) ¥ (1100 X 14.8 rpm) = 0.0307kg-m?>/s
0
Wl 3 AEHS 7] &ol= dHeol Zod AR REHE EAS Z4EEE U ko] 0.0307 kg-m?’/sol
v

ojofof ghrhi= S nHHE o gk
Operating speedE rad/s=, TorqueE N-m=Z W23}l AAkgtc},

602 m rad T
0.17 s 180¢° 0.51

1m 9.81 kg-m/s*
100 c¢m 1 kgf

rad/s

Wy =

7=9.4 kgf-cm X =0.92214 N-m

T = MZ 0.17604 kg~m2/s > Lwp = 0.0307 kg-mZ/s

rad/s

s
0.51

i
i
e
2
>
o
]
4r
E

o] ATl m=W MGIIRE 7S TEa L, S AE 2EQl MG996RS

ALeFLS Table. 49 2t

Table. 4 Specifications of motor (MG996R)

Name Weight Dimension Stall torque Operating speed

MG996R 55 g 40.7x19.7x42.9 mm 9.4 kgf-cm 0.17 s/60°

232 WA HA | Pitch 7%=

AAbA A 2A 7 FaAE7] Y3 Pitch ZH=E T8l7] Y8 Fig. 203 #o] Free body diagram¥}
Kinetic diagrams 2H/d3ta o} 5 WS Fvh HH vF Alolo] wpEAF= AHATE F
o] 0.72 A3t}

ZF = mag, ZFIJ =0, Z point G —
&% WAAS Bl T 44 N, Mo AEE o5 oflg 2o,

. ud wud Fie .
N, = mg(0.25+ 0.57)COSW+E(O.5+ T)COSQP— Tsmep

. ud ud Fe .
N, =mg(0.25+ 0.57)005!1/-&- F,(0.5+ T)cosep + TsmOp

. . KLy t .
a, = pgcos¥ — gsin¥ + - cost, + Tsmﬂp
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a, » 0 — (first)aa (0, < (final)aa

(first), = — omLsinl(M sin(LZ/—Fﬂ))
] 2F,
(final)au = - (first)aly+2(90°* lal)

a = Sinl(fi\/—’_—ﬂz) N ﬁ = sinl(ﬁ)
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Fig. 21 Relationship between pitch degree with inclined degree
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Friction coefficient p

Fig. 22 Relationship between pitch degree with friction coefficient at vertical wall
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Fig. 23 Graph of pitch and roll degree calculated by the yaw degree

Fig. 249} Zo] A 7] %7]% Yaw £ 7|50 = 3l Ao]& AAE Ea Ar] SAHHAY. =44
71%7] kS wrol AAFsle] Pitchet Roll Foll 428hH Fig. 253 o] Zzslg] Ao ZTxalleg] &
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s SN @R,
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e "2
Fig. 25 Changing of pitch, roll degree by tilt of gyro sensor
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Fig. 26 Experiment for performance of robot (a) settling on the wall by thrust of propeller (b)
climbing the wall with thrust and power of motor

Fig. 27 Experiment of maximum weight of load when angle of pitch changed (a) Pitch angle 10° (b) Pitch
angle 20° (c) Pitch angle 30° (d) Pitch angle 40° (e) Pitch angle 45° (f) Pitch angle 50° (g) Pitch angle 60°
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Fig. 28 Relationship between Maximum weight of load and angle of pitch
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Fig. 29 The performance of Robot moving from floor to wall
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Ny
(e) Climbing wall
Ny
N
(b) The front propeller (d) from the ground up
(a) initial state support rotates 180° N the wall
(c¢) Lifting front of body

by thrust of propeller

(a) (b) (c) (d) (e)

Fig. 30 Process of robot's state change from floor to wall (a) Initial state (b) The front
propeller rotates 180 ° (c) Lifting front of body by thrust of propeller (d) From the groud up
the wall (e) Climbing wall
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Fig. 31 Climbing wall, maintaining angle of pitch of 45 degree (a) Settle on the wall (b) Move up to 3m
height (¢) Move up to peak of the wall

Fig. 31 A3elA =X 45°94 ZaAy 03 452 §43 A ZIYE gz ool FHHLS
°F 3m Eebhe bgAel W o] e kit

oh) HHo A W
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(b) © @

Fig. 32 Experiment about Controlling angle of propeller by gyro sensor (a) Rotation of propller based on
Pitch axis (b) Angle of propeller controlled by gyro sensor (c) Stable change of direction (d) Changing angle
of propeller on Roll axis
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(a)

(b)

Fig. 33 Horizontal driving on the wall (a) Climb on the wall as horizontal (b) Stable driving (c) Move
up to 3m without slip

Fig. 33& Z 2329 Fo]

i

o %< 45° st WA FYehs APor, RS T W
vzl glo]l ¢F 3me AgE ol 7 AT
ek ol 7h, b, ©h, 2hel AES AXEA 52 BHHo Rl kARl olF H F3o] JhEdt A
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=
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(¢) A curved wall

Fig. 34 Practical uses of WCC at each different condition of wall (a) A wall with a slope (b) A flat wall
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Fig. 35 Standard of crack scale and photo of crack taken by drones (a) Standard of crack scale
(b) photo taken by SenseFly's drone (c) photo taken by Flyability's drone
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Fig. 36 Example of WCC application in bridge inspection
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Fig. 37 Example of WCC application in reactor dome inspection
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Table. 5 The total cost of manufacturing a robot

Parts Name Price(won) Amount Total(won)
SUNNYSKY X2820 1100KV Outrunner
Propeller motor 44,600 2 89,200
Brushless Motor
Electronic speed [Hobby Wing] Skywalker 80A (2~6S
. 39,000 2 78,000
controller LiPo / OPTO)
[DUALSKY] 11x5.5 MR Carbon Prop -
Propeller . 18,800 2 37,600
Version.2
[Dinogy] Graphene 14.8V 7200mah 80C
Propeller battery 109,000 1 109,000
TRX
Turnigy 700mAh 3S 60C Lipo Pack
Wheel battery 18,000 1 18,000
(XT30)
Servo motor MG996R 4,400 8 35,200
Bearing B678Z2Z 1,850 12 22,200
Bolt M3*10 1000ea 8,000 1 8,000
Bolt M3*20 1000ea 8,000 1 8,000
Nut M3 1000ea 4,000 1 4,000
) Inner 6mm, outer 8mm * Im carbon
Carbon pipe . 14,160 4 56,640
pipe
. Inner 14mm, outer 16mm * 1m carbon
Carbon pipe . 19,500 2 39,000
pipe
TRX4090-B-S-BEBK TRX-4 Aluminum
Shock absorber ] . 23,200 2 46,400
Front/Rear Adjustable Spring Dampers
. Arduino Mega 2560 R3 CH340
Micro controller 11,980 1 11,980
[OPEN-TW06-001]
Communication )
NRF24L01 Long range wireless module 4,100 2 8,200
module
Wheel motor 12V geared motor (F) / F-1(50rpm) 7,700 4 30,800
. MYT160GMBK Axial Yeti Jr.TM
Link . . 18,000 1 18,000
Aluminum Tie Rods Gun Metal
) UP-WSI12B Silicon Wire 12AWG :
Wire . . 3,700 6 22,200
silicon wire
Motor drive 2A 1298 motor drive module 2,000 1 2,000
MPU-9250 arduino 9 aixs gyro sensor
Gyro sensor 12,000 1 12,000
module GY-9250
. ) seamless stainless steel tube /outer
Rotation axis 5,000 1 5,000

diameter 3.17~8mm
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ESP32-CAM Module + WIFI (OV2640)

Camera 6,710 1 6,710
[OPEN-TS02-001]

printing CUBICON Filament 60,000 1 60,000

Total price 728,130

Table. 55 X WCC 1HE A&st= dlol tigF 730,0008 H=eo HlEo] 28FHE RS & 4 T
wceest vsHAl A3 59 715e 3T 5 e B2EES e =2 g ola, o)y qkdE
=22 g7 2,000,000 ool ZFAT 7 P o] JTKDIT - wiE2 dEzetel= FE ¢ 3,592,000, v
B2 ol Zefol= KM otA 1 2,667,000). °]E T3 WCCe WRd 7S sk =253 7HA
Hol A AAES 7HE = des gRled = Sk

—

=

= =

A8 Al AAE RS Bage AR EHAT ol wad ¥, x4 WAk Y F 5
2 et wEe e ANEA @3 Ak AEelE Al A% Aet WAL AR
oleld WHe FANLE FUE AbsAe] Ak B ATE B L Fig 38 WCCE WWoA o4
Mo gk Aol Aasta, Avehd ol gstel 4T F Ak 1elm RC R 2EFSHE AT 4
A 2=EL 5 ol Bgel v g AskAolth £ AY ZRE F7H49 Payload(135kg)E B F
slo} Wzl g e 23 WAL FH] BL VAT Utk webAd ¥ ATE i 44 okl

o]
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Fig. 38 Final design of WCC
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