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Design of Lightweight Manipulator for a Quadruped Walking Robot to
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In order to inspect the main equipment of ships, condition inspection methods using quadruped walking robots that can
overcome various obstacles is being actively researched, However, quadruped robots have a limited pay—load capacity due to
torque limitations in their joints, and as a result, it is necessary to secure a lightweight manipulator that can carry equipment for
inspection, In this paper, the mechanism of lightweight manipulator for a quadruped walking robot was derived by analyzing its
working space, and the motor requirements were determined through manipulator path generation and mechanism dynamics
analysis using multi—body dynamics simulations with MATLAB Robotics and ADAMS software, Finally, experimental verification
was conducted through a manipulator prototype, The procedures of this study will be useful in designing a manipulator to control
buttons and knobs of main equipment,

Keywords : Ship equipments(4=t ZH]), Condition monitoring(AEH &), Lighteweight manipulator(Z2f OHLIE2{0|E]), Inspection
robot(ZAF 25). Multi-body dynamics(CHEX|SS!)

1 A—I = gisks A oksIich (BONNIN-PASCUAL Francisco; ORTIZ,
Alberto, 2019). Markus Eiche MEF MAHZHAS £lst SHE 258
SH5ll =0l Atto| MAF HAR= Attlo| ofEo| S o3 S M5t HMofsks AFE ZASIKCH (Eich and Vogele,
sslsls &My|Rol BH=0|ch Mu 22 Muje| A |S0| of7|X| 2011). Thomas Kochie= INCASS(Inspection Capabilities for
o7l Ecisiet S2elo] okMol A7} 7|0 RS BgAalo|  enhanced Ship Safety) ZRXZfA] JHUE 8 T AARE
dHUSE 7H=A0] T7| 2ol MefF EH|o| AEIE BUERI5T, AP AE(craven)2t 35 ST 22 AAHS 2M51
HMHEst AIFol| B4 2 thA7F LRSI SK|g X|&&o|T o A Hlole] 43, Zet ZXIE 2I5H o|o|x] EAig TIMSIQIC
Moz AMut AH|E DU EZSID ZES Alds| QsiMe EESE MM HO|EE F 2 AElsto] B AlAHol| M) &l
TUte| MM 2 HE AAHO| LRSIT UL Al HL L& Hlole] Xzlshks ol atst o7& TSI (Koch et al.,
sllof, AlElS CIX|E A2 Halsplols 47t ik o2 2016).
olsl, Mute| AM|7} EfXSH ofgZ T Ho|X| 2 QIC|HoE S zZoll= ol3d EXEAZD oI7Ie| Enb AR SEE
AZiHo2 ZABID £5 O =M AEE MAs 4 Qs 25 gl HMZsts 1AMl Ex|ol ofZ20|E{E 0l8stod Mulel
Atssl i} gks| R0 UCt Francisco Bonnin-Pascual HIES HE ¥ FAEgsp| fIs 7ot ks A=
2 Mulo| ot ZAlol ARBE = s 2REWES ZARBIXCH UCE Melof Effjzls 22 ofuEolHs Mol 22|
O[n|X|E &8 A & FA ZX| ZARE 1™ Yu2|Ee 2 tw2h Mo Msoll Fekg gh=ct Pal J.From 2} Jan T.Gravdahl
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Aziet ZME o [eicks Ag &RISIRict (Fom at al., 2011).
STt gao| MH BMoll Exists LY RIIME Hasp|
o2 HE siiZsP| 2l Park2 FUA ClUE 2REO|
UE A2 L BERE AIESKhE 4S8 Heksiqict sixgt
Haolkseh HAI g eHAIEo] EXSIIeH, 6ANREE

2P| Of{RICE EESE 6ANRT
Hofof| ofz{Z0l U { AHZ2 M= 22 2ol F?
22X 2o 7wk M S=0| ME Jis40| Ucke
SEAIZF UACH (Park et al., 2023). Wenyu Zuo= 20| £H2
22 ¥ F qlof FUE R FIE mTHsP| SEthe
SHIE 355| 2Ist AFE IHSICE FURe 5T
7= e 1Y FHeLel k= St

YX|spHLE 25| MSk= 0|84 Bfit{el Epaw) HFHHIESR
TAE Y =FE MASIICN, 0 oiHE20lEol A&
o ASHSICE (Zuo et al., 2021).

EXEAHE2 28 2| a2 cikt BRE FEE 5= ot
23 ZREAHES LT XY, st oM XRE olset
4= Qlof 289 XAt =2 Ao it 2 2REHE F 4
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T sl sl Mokt (Chai
ah SStEolMe] 4% 23 2RE 0|
TS ANYboticsAle| 4% Hall =22

29
o
i=}
toi
20

r

ol

4> U g omo JM o
30 A

koo

1

ni

il

T

—_

i

0
3
:

9 0
o n
=2
o2
i
~
AM
& 0
il
rr Hu
I
o
r_l.l.

O:

ol
0>

et al., 2022). Gehring
S5t 72l AR

A

I
2
4

S olgs) Fsin =Rl clelz clekt MojEe S=sim,
Ze s22 E0d 4 lon) AZIM, @M H2IM piEo|M 3
A2 BEE 4 o0 45 2y 20| 22 ojuS2iofEp] 2
AFMIME Slsi! mgel| o Sitkel 4 ok TSI

A 4

0

st 742 23 0| A} sk} Ze 2Xoj= =X

r
0

ru
0x
>
mjo
x
o
%
x
!
s
0&!
0x
oot
i
0
2
o
=]
0
u

loff =2 7|20
b= S5 S8E0M 45 2 20| oFdy
S AExoZ USSRt (Igbal et al.,

2020). O[2{$t 457 Hd ZRo| Hojct 28 oMl XIREZ
Mk zd)o] Mel ZAARb MA XSS} Holol| 4% B 2Rs &
E51IAL sk ATVt Edts| ZEE|D et SIX[EE 4F 2RE
IO A7 sl HHREE S5l siE2 X[X[sP| w2 22 A
O Elo|2EE JIRIct wep, Mk Fu|o| MA ¥ FXEFE
[t HAE dsPiHzle] 2ot JR|H S2 F2ks10d S207]
[Sh oju|Zzio[E{e| =] M[SHEICE Eamon Barretts 4528
| HyQRealoll ZH&ts17| 2[5t SARRE 22 22 oju S
[E{2] IT-INAILS AAISIT AN BHbollM &4 H|ofst= o+
Asict. o] oAM= oy E:|olE{e| F3(ink)E &
0|52 MZBIIT 3D =Z2I”E 0|83l ABS E2i2E 7
£ Faiglct =5t FEME S35l 3o ZM1l SIEXIXIE
AS5IFCH (Barrett et al., 2021). Carmine Dario Bellicoso

ol sk=7loll ERGP| fst 5 AT ZEF oL S0 E
I}2 |0 |E{(Denavit-Hartenberg parameter)S 0|25 ZHZ
IR0 ZESE 26 FEMEME 713 = HE Fxo| EHel2
Mzteidct 3D Z2I”E o|&sl ofuEZaolee] 52 of3
g A=z Mzs5ct six|eh 2 ofuEolE s UoEne
(end-effector) & 2&sP| 2I$H oiiv|&alolE{e] E3 Z={o| &
Ck= g7} 2Uct (Bellicoso et al., 2015).
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olgst &4 et Muk Fu|o| MAH ZE TZ(RM 2
H2))E HEssien, #E FEE MUEAF|= TP EE
EE3I9ct olF, 2F oiuEzolH 7|gke| ojZ2f0lE A
MAE Fdsty, clEx =9t ZHEZS MATLAB Robotics
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Hzsp| fIst ojuZole HA2MM 2 XM RXIE 2
E3 gt Adloll €8=%lon, Aist B3 g2 olSsl T
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I Z20|E|E &850 2 AAT0AM oIS MA o TSt
AT ¥ M2 A5sIsich 2 =29 22oM= v ZzlolE
JITT=E Holsp| flst Muk FH| MA AEE MEUS|
5i%iend, 3EoiAf= oiuZ0lE 7 IFEx AAEEE ATlsk,
AZolMeE 2 ZE| B3 Q7T AMES st ofuEolg
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2. l=30lH

T g 7|7rE
2.1 e g 2S5 g 27T 24

= ATF0IM 4% 2 2R2 M8 U T2 Flef 117 &
ol chet 2UEEE SER oict 2+ ZH(ef 3xtel gy 2Es
HIZOZ 117Ho] HATS| fIx|t Hsp| 28k =HI =Rt
=2l IXIE HElHER FE=RIRIct Fig. 12t 20| 2REUE
0| 0|S2 AlXlehE AIHE AR 71EH
HEEE ZHER>SP| flet 2REEE 2
Mol 2REAF0| olSslof k= 7H2IE FEISIFC, ol 25
7IEHezRE Eellof ske HAER| APIE 25 2|2 e
i1 2REAFR| =0/ HMelet ofZ2iolE2] Sict HolA
(base) 27| Chet Tl HAE Alole] 20| 25 £0(2 F2
Sl Table 12 Z0| H2[SISiCt.

Cheh Selo| HAES eItz 25 Aol 25 24x
of b Alolx|2| ofolX| ol4 Hatwol| Fekg I olZlct
Zhu Lie| A7 0lME 2w Selof of2a AHo[X| O[o|X|E W
Y 20| SZEAZ EE Wt £ o|olx| glAlg $AEIICt
-60, —45, =30, —15, 0, 15, 30, 45, 602 Zt=oi| CHaHA

= & 0[ofx| 24 LD2|FS HIBsH o[n|X| &S 2lAof

i

@@
Target

Move %}\

Observation point Start point

Fig. 1 Distance between robot and target

Table 1 Distance information for monitoring the gauge of
the target equipment

X(mm) Y(mm) Z(mm)
Gaugel 1019.1 0 501.022
Gauge? 1002.717 0 883.335
Gauge3 0 517.505 719.505
Gauge4 0 517.505 719.505
Gaugeb 0 -3474.013 1664.258
Gauge6 —1585.367 0 780.522
Gauge’ —1585.367 0 780.522
Gauge8 0 994.633 784.822
Gauge9 0 994.633 784.822
Gauge10 0 762.39 310.317
Gaugel1 -1427.6 373.197 310.317

oisl 242 &I D & 257t 0TS Hoj7tH Xt
| Elckhe A= 29Ct (L et al., 2020). Wang2l

I ZEoM TE 58 HE

HWiksp| o 2= 24TE 3072 S0iM FSEt o[olXE
223 2Me FESIFH T (Wang et a., 2022), Howells2l

HFolM= FUMEEE ol&st ofdZ2a AoIX| 2lAP|sS

Wkl AolX|e| BE ZTo| wE TE RXE EMSIRID
U= 20 He oM FakEel Alolx| &zo0| s
JEs3iCiD ®MAISIUCH (Howells et al., 2021). Ol2fgh Afal
HE Hgkolod, AAsSIOX sh= Chah Zd| AHlofX|el HH
HEE 7|FCZ 30% e WolM op[x] &5 Al 2lAl
Heloot =Ctn mokl| 2= 30EE ofuEeolEe &F

o=
2t Helz MEsict

2.2 HUBHOIE] 7|77E A3 L Aol
&M FojlMe| UE FEE EE £ Qe J|FTE=E
Clst &elt 71ssict ofuEei|olE{e] CHERQ] T |70l =
cartesian Tt%, articulated 7%, SCARA T+Z, spherical 71=
S Cist #201 Exisx|gt, &2 37M =ido] golst
Hl2ol XMZFSH od2] JHel SN EEZ O|FOZl articulated
Tt Mghsict w2l 2 AFollM= articulated 7| TS}
b &M AR O|R0{Rl Bkttt 21 pan-tilt 201 CH3H
HEE 25t 2 od7e| iy EEole zse| X2
YH2IE o|8St O|olX| F5 % BEAMo=z, LUtksnE
(end-effector)2| &S 1245101 Fig. 22F Z0| articulated,
prismatic pan-tilt, arm pan-tilt 37K =2 Hz|g £ Qlct
Articulated +Z== & 5 AFpEZ 5702| HERE 2 (revolute
join)2 FAHEORen] HEMol &L ZHoM FalE
Tx0|cl  Pismatic-pantit Ttx= & 3 AKREZ=Z 2749
HERE 2 7o =2 |=0o{e ZM(prismatic joint)2 A
=Hojuen] FAEZ FHoM R2lst T=0| arm-pan-tilt
TE=E £ 4 AR Hlo] ERE MEz FAE 770|H
articulated TZ&} prismatic-pan-tilt 7x2| HEee= £

At

Irrr

 ~ ] —
O RJ : Revolute joint
R]4 T] : Translation joint
RJjS

RJ2
RJ3 RJ1
afRa | - Articulated manipulator s

O O
RJ3 RJ4
RJ2 RJ3
TJ1 RJ1
RJ2

ii. Prismatic pan-tilt manipulator iii. Arm pan-tilt manipulator

Fig. 2. Candidates of manipulator mechanisms.
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Table 2 D-H parameter of manipulator mechanism

146.6mm 124mm Zt‘me

Joint i ai o d 0 Range Initial
1 0 /2 Ly 0 —~T 0
2 -1 0 0 0> —n~0 0
3 |_3 0 0 63 —T~T 0
4 0 /2 0 0, -T~T /2
5 Ly 0 0 05 —~T /2

(a) Articulated manipulator D-H parameter

Joint i ai o d 0 Range Initial
1 0 0 L 0 0~L, 0
2 0 /2 0 04 -1~0 0
3 0 /2 0 03 —~T 0
4 0 0 0 - - -

(b) Prismatic pan tilt manipulator D—H parameter

128mm

76.5mm

Fig. 3 Robotis open manipulator

Table 3 Robotis open manipulator

Joint i a Q o} 0 Range Initial DOF 5(4 DOF + 1 DOF gripper)
1 0 /2 0 0 0 0 Link1 0.076m
2 -1 0 0 04 -1~0 0 Link2 0.128m
3 L, 0 0 0 —~T 0 Link3 0.124m
4 0 /2 0 03 —~T 0 Link material Aluminum
5 0 /2 0 04 —T~T 0 Weight 0.7kg
(c) Arm pan tilt manipulator D-H parameter Main controller PC, OpenCR
End effector Gripper

37K tHEAel o Z2ole] TZ0i ChohM &5 7|FHE0lM

MAze| #=E0| JlssHK[o| CHst oifE HosP| 2siA,
22BlE J|FE=ednt T g@As TSl 2AME
$AFIHC} 7|17 TEEE MATLAB Robotics toolboxZ 0235104

7|FEE REYsIen, M Jis oiF HCZ 2Pl 7pdst
7177zol st D-H QIXKdenavit-hartenberg parameters)=
Table 22} ZC}.

oM HollM Helst T He|, BE 20|, BF Z4EE J|E
oF HE0| kst /XIS STl ERIER Ho

o
x| oy |7t Bolg S8 2t =

0

ZQIERS| 7|7 7Ze| THOIRS
slolsigict 1 ZD} K| 7| PTE B E0| JEssh 7|7
Z2 2RI=ACE SERIZE prismatic pan-tilt =2 BF 4% 2

—

FAHet 2017 E7I6k= ©HHo| 1end, arm pan-tilt &2 A%
4 R 72 S7Hof 2ol Afzrr 7452 7tsAol
TEAMO| M|2to|Lt ARIK|CHZ At o= UCt B articulated
Txo| A9 Z=2aUnt Mof7t X[t =2 XRTE Sl
AEHY0| k= AEO0| Uck w2l B Hads
0 5 X2l articulated O Z20|E] 7|FFE=E MHsICE
S5XIME2| articulated Oi-Z20|EE &l | fI6HA 2 A
FollAM= robotis open manipulatorS &= ofL|E2|0|E
[Robotis, 2017. OpenMANIPULATOR-X e-Manual |2 MY =
4% 23 20| & 9| =S 12510] HAIE HHSINCE
7| =28dell 2| robotis2| open manipulator= J12|H7F £&H= ofL
E2(0 ZLZ J2|HE MelE dT 5 4XRTel ofdEe o]
E{0|C}. Open manipulatore| #& ME= Fig. 32} Table 322

= A o
olst 4=

ow

AREE SAMRERE TS| floiMeE 2= =EHIE 14
F7l=lofok siof, oiL{EEolEel 2t 3 Hole 45 =¥
ERo| T HelE sio] MA=ofof st = 7o
S5AIRE Aticulated THAZ20IE] 7|7zt 2t 22| Zo|ef
25 Hol= Fig. 42+ Zct
o Z2l|olE 7} HEt== Hels Jt2, M2, 22 211mm,
214.5mmz, 0| Szteloll tf{E0[EE AAXAZE =+ UAEF
MASIACE i E2olE 2] BIERE 1HAEIX| Hals 2

KEAZS 7o LR RS 76mmE HYSIF D 28

End effector(Camera)

Joint 3

Joint 4

Link 2

Joint 2

Joint 1
Link 1

Fig. 4 Lightweight manipulator mechanism and link definition
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Table 4 Specifications of lightweight manipulator design

DOF 5 DOF
Link1 0.076m
Link2 0.2m
Link3 0.17m
Link material Engineering plastic
Weight 0.54kg
Main controller PC, OpenCR
End effector Camera

23= 2REES| Zo|E GX| = 200mm=E MY
ox|tez 3HFI= FIE T2 AefolA 223 o
E0RES 170mmz AH3ICt

Open manipulatorofld 2228t 221 J2[HE MAHsiL,
ARTE 37MZ17| 2f6iM 2 EF F—‘T'— M nE=Ro| ZEE
FItiIict o] =
| ZHE 16402l
ZEE ARESI0d KHT+§ SIMFHEL UekEniRolls HAE
AUZS I8+ 71H2HGopro)E FEfeIICE A (link)= Al Az
Al 3D ZE2I”ES 0|83l HM=Zelr| 25l engineering plastice
SHXE HEsSIHn EHX ¢ FIXle= LF0o|E, ZEQY
FHzlks AX Rl S EMXIE XMEs5le| Lcksalg
ol 2R J|FTEx TEE FdEEPL JkssIict 2B
A5t o E2fo|E{e| L2 MA|E= Table 40i M2[5IRACt.

3. Z24Y A FF AlF 44

oo E2i0l5 MA RS 03l Chat 2| MATke| Ao
2 EC| 2FTE Folsp| 26, oiuEaolEo
|[T=st RS PHsICt oiuEelolEe| 7|TFEYEt
MATLAB robotics toolbox ZE2t ADAMS ClEA|
HE ol3slo] WEHoR SMZ FHSl| AT
on, st A= ol oA ZRFE =QIE ZH
AlAFSIAC

ojE2olE ZYES MATLABS| robotics toolboxoll H2E
57| QlsiM+= URDF(Unified Robot Description Format), Xacro
(XML Macros), SDF(Simulation Description Format) It =
sito| md HEfZ HEsHol st & 2470i|lA= SolidWorks2|
URDF exporter® Al23l URDF mils MAMSIZICE URDF
ol 2R RESs MusiE EIAE Aol mlo|n 2Re

YA(Link), 2, 2 52| 22 Fxo| FEIt a0 UCh

FO
N

2 e
rok

S|

ol
——

oy 12 1x
ob 1ok rjo
0 H

oY ol
lu
b4

ﬂlIﬂJ
N

Table 5 Joint angle

Minimum angle(rad) Maximum angle(rad)
0 -3.14 3.14
0, -1.918 1.57
03 -1.57 1.57
04 -4.71 0
05 -3.14 3.14

Fig. 5 Allowable rotation angle criteria

URDF T M4 TholM ojuiBeiole Y37zl 7MY
EX1 sl QS fig. 594 20| 2 Bl A} 02
9AxIE 4 ¥ 2
S04 24 2%8e] 5% S HES Table 524 20| AT

3.1 HAE &S /st 2N

MATLABS| robotics toolboxE 0|83l o ZEai0|E{7} Chat
| MAES MAsk| I8t njuEelolEe| Yrtenls H2E
MNAMSIALCY

URDF Ifl2 MATLAB robotics toolboxdl| H2E=3H = Cf
xHj| MZZto| o|x|FES

>

S TEolol ske flx2 XFstn 2
S0 FiH2le| A=JF MRS shirE MAS9IC) 0|

no=
Haakiel 727t 2lE27E =55 shs oy B0l 428

0|I o

Zos5l
05 T 0
\77\\.
0

Fig. 6 Manipulator posture to check target equipment
(Gauge 4)(@ : initial posture, @ : final posture)
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RRT(Rapidly—exploring Random Tree) YI2|ES k=2
MASICE

RRT «m2|E2 37N ZZE =8%o=z HMSIES
AAE d=Ael 2aeFo|ch MEY T(H dEAEHoR =
LiollA SiElep| MEXMS MM =
EE0{RE miekoi| 551X Y= ZRE BMSICE FOIE0
U EHME ESHMOZ HEE WMAF|0] AHlMZHo| Mok=
ZHEo| Ut (MathWorks, 2020. manipulatorRRT).

O|E Sofl Chal Z|E M5 | /st oiulZ2i0lES] KMl
AZHo= golgh 4= U1 e KMol 26| 25k E

=== = =

4

ot
r St T nju

S|
AEE Mg o ot Fig. 62 0|23 dEYME &

Aol H=tE FAlet Tt apatiE
oj|E2o[e7} 2Elol= Eek2 ofnlsi (D2 oiuEa ol
Z7| AMoln @zt B RME AHX FBHoZ @
MMt AE 2 = ek

4

r

I

3.2 i E2o|H 7|7=Hst slA & 2E £3

HI

J
~

oju|Z20lE7F F2lol7| flsh TSt ZMET g2 At
57| 2l MATLAB robotics Toolbox2| InverseDynamics &2
olgsl «v|7et siMs TEsSIIch 2 RRT YE|Fe=

MM U Belole YekaTIE ARE EATIE BE AT
U2 =Ejom Mmsin, ol wEsP| A B e

DEETZE 2MSINICE Fig. 7= HEASE lo|X| 4
ZZof chet 2 2Hol MEEST ZIOR Fig. 61t SYsH
ZSsin, Mol ARZE ofuEsi|olEle] 2 0.54kgolch
S Fig. 79 0.@08,@® = Fig. 62| 1,@,03),@nlAe|
E3Zf2 HERHch of ZoolM 20|, 1@int SHERo
DMET g2 e 2 28nt 3¢ ZHEoll= oL E20[E2f
2o w2t 2HET gol Halsks Ag 2+ Aok
THEEE2 X sl 3P| mEol 2ol Jgol

|

|

o dsko| 2k2 2z IMET glo| 2o
2ednl 3¢ BEE ofuE2olEel S wi2b 2
TRiXle ZHES| sl w2l £3 glo| RofHct HX|=
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Table 6 Torque requirements

Maximum torque
Joint1 4.5Nmm
Joint2 1239Nmm
Joint3 486Nmm
Joint4 74Nmm
Joint5 0.006Nmm
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Table 7 Comparison of motor required torque—maximum
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Fig. 11 Lightweight manipulator

Table 8 Specifications of lightweight manipulator

torque
Joint2 Joint3 Joint4.,5
Req.toraue 1239Nmm 486Nmm 74Nmm
Max.torque 2900Nm 1960Nmm 800NmMm
Margin 2.3 4.0 10.8

DOF 5
Weight 0.54kg
Camera 0.133kg
End effector max payload 0.55kg
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