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A study on the 6—axis underwater manipulator Driven by

Electric Motor

HONG SUNGYUL

Department of Mechanical Engineering

Graduate School, Korea Maritime University

Abstract

In this research, a development of a new 6 d.o.f. underwater manipulator which is
actuated by electric motors capable of carrying over 20kg payload and of various
operation under the water has been studied. The 25kg manipulator for applying to
midium-sized AUV or ROV has been designed small and light but to handle a heavy
20kg payload. The kinematics of the manipulator has been analyzed. The joint
actuator for the manipulator is designed and builted as a new modular typed double
oil jacket for waterproofness. Also, superior joint torque performance of the
developed joint actuator has been varified through tests in the air and in the water.
To improve the design and performance of the manipulator, a new designed

manipulator is introduced.
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Table 2. 1 Parameters of the driving Joint

i 7, [mn] bl [mm] di (mm ] 0, [rad] m. [kgl

1 45 800 5983 3.14 30.67
2 45 665 499 1.57 28.00
3 45 530 411 1.57 25.33
4 45 400 324 6.28 22.67
5) 45 270 229 3.14 20.00
6 45 140 0 6.28 17.33
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Table 2. 2 Moment of Inertia of the driving Joint

£ motion I Lkg-m” ] I, [kg m>]
1 yaw 1.651 12.886

2 pitch 1.046 8.534

3 pitch 0.606 5.197

4 roll 0.314 2.843

5 pitch 0.132 1.251

6 roll 0.037 0.056
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Table 2. 3 Angular Velocity, Acceleration of the Driving Joints

i K, [rad ] t, [s] t, sl o, lrad/sl a, [rad/s”]
1 3.14 4 0.4 0.872 2.181
2 1.57 2 0.4 0.981 2.453
3 1.57 2 0.4 0.981 2.453
4 6.28 6 0.4 1.121 2.804
5 3.14 4 0.4 0.872 2.181
6 6.28 6 0.4 1.121 2.804
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Table 2. 4 Torque of the Driving Joints

i | T, INml|T, INml|T, [IN-ml|T, [N-m]
1 50.796 51.796 1 -49.796

2 38.021 39.021 1 —37.021

3 23.270 24.270 1 —22.271

4 14.622 15.622 1 -13.622

5 5.025 6.025 1 -4.025

6 0.156 1.156 1 0.844
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Table 2. 5 A weight torque of the driving Joint

i d; [m] m; kgl 0, [rad] T, [Nm]
1 583 31 0 0

2 499 28 0.195 26.686
3 411 25 0.195 19.918
4 324 23 0.222 15.984
5 229 20 0.174 7.807
6 0 17 0.222 0
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Table 2. 6 Drag torque of the manipulator joints

o, P D, T,
1 [rad/s] [k /m’] ’ [N] [Nm]
1 0.872 1029 0.38 2.285 1.371
2 0.981 1029 0.38 1.661 0.828
3 0.981 1029 0.38 0.841 0.334
4 1.121 1029 0.38 0.472 0.142
5 0.872 1029 0.38 0.088 0.018
6 1.121 1029 0.38 0.0084 0.0006
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Table 2. 7 rps and max Torque of the Driving Joint — 1

) Move n.. T . P

: Direction [N-m] [N-m] (W]

1 yaw 8.333 53.167 46.374
2 pitch 9.375 66.536 65.288
3 pitch 9.375 44.523 43.688
4 roll 10.714 31.748 35.603
5 pitch 8.333 13.849 12.080
6 roll 10.714 1.158 1.299

10




2.2 A5V AA

2.2.1 #d4E719 FEFE

A7IRE 7leke] sy EeolE Aol flojr g 2 oy RE9 3 FHd
e grolth A RE ] SAFA FUTER 2olal Qs WAL AA T AR
= 5 sded wAYEES o8 WA vtadEy AZE o83 Wl
shAIRE MAYA A2 wpEe] ok Fab ® o] mE o] rke diol Sl
nfdlg AEeE e A48 g€ gAe] vk

TolAME iy EdelE g or AAE]le] ddEr|e AAS Fig 2.2 =
75718 A-dd e 3D ol Fig 2.3 = o] & HIF o A AA A= el
LEA ASHe] 54 MM dE FETEE AdMA 2 T LAAAS o8

mEe FUFRE uokste] WATE/ A Ak B FE/E LEH ol

FARSIL Solstn R/ BEE F QRS ARHAL. 2UAR 20U A5
golahl BYALste] oo FUwsk AARe] glo] Bl AWste] Ao HYL
He R wAS) 4ES A4Sl duh ®=w, ¥ Re R 3%

2.1 dollA dAH® EHE 7|Wo R 20 7|4 stel digk sEs 98 2% o
T LdAASE AEste #HE-1, BHE-2 o FE|E AASAY. FE7]Y AFde
& 90W, == 49.4Nm, HAAEZA 453Nm, 3|d4 16.4rpm, T 3.4kg, Wt
2071%, &% 65% ©lt},

A

11



Fig. 2. 2 3D design of cross section of joint actuator.

Fig. 2. 3 Overall picture of joint actuator
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Fig. 2. 4 composition of the joint actuator
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Table 2. 8 Analysis cases and material properties

Analysis Case 1 t=1mm, tc=3mm

Analysis Case 2 t=tc=6mm
Elastic Modulus (GPa) 68.9
Allowable stress (MPa) 59.3
Tensile Strength (MPa) 124

Poisson's Ration 0.33
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Fig. 2. 10 Pressure vessel
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Fig. 2. 12 Degree of freedom of the manipulator
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Table 3. 1 Parameter of D-H coordinate of 6—axis robot

a, a, 0. d,
1 90° 0 90" +6, d,
2 0 a, 90 +6, 0
3 90 a, , 0
4 90° 0 6, d,
5 90 0 6, 0
6 0° 0 6, d,

D-H 7Fore ol gale] AHE UAa Y Fig 310149 2ol q.a.0.4 A%

S Z47ke) Bagae senEE ngor @ /e A4S s Ak 247

6, 85 44 "Ha FxA 9,9 ZF Welo] IS worw AAw Ao A
Z

A =Rot_, xTrans, , xTrans_, x Rot
1 z.6; z,d; X0 X,0

cos -sin@ xcose, sin@ xsing,  a, xcos6),

| sinf  cos6 xcosa, -cos6) xsine,  a xsing, (3.1.1)
0 sing, cos ¢, d,
0 0 0 1

Zzke] djenlElo] o@ A WME BLS Teld e 2k

r, r, r. d

6:A AAAA = 21 2 23 v
AO IAZ 3474475576 ’/.31 ’/_32 ’/.33 dz (312)

0O 0 0 1
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T, =C 48,5,C,, +¢ (¢S, +5,,5,,) 1 +5,(cc, —5,5,5,,)
1, =—C,{65:C,, —C(8,5, —¢,C,8,,)} +5, (5., +CS,S,;)
1y =—C, (8,8, —C,CCp;) —S,8,Cs

r, ==8,48,5.C,, +¢, (¢S, +5,¢,5,,)} +¢,(cc, —5,5,5,,)
1, =8,{¢,5,C,, —G (8,5, —¢,C,8,)} ¢, (8,¢, +C,5,5,,)
7y =8, (8,8, —C,CC ) —S,CCr

1, =5,(CS, +5,6,5,)—8,CCp

1y =5,(58, —GC,Sp) FCCCy,

dx :d6 {S5 (C1S4 +SIC4SB)_SICSCB}_d4SICB +a,5.5, 4,55, —as,
dy :dﬁ{ss (S1S4 _C1C4SB)+C1CSCB}+d4C1CB —aGS, —aG8 TaG

d =d (cs.c, +c.8,)+ds, +ac, +ac, +d,

A F2 v S e dHE 295t ve 2o

x 3 X
\rr ©»n U
X 8 8

[

N

(e}
S
(e}
—_

.

(3.1.3)

(3.1.4)

(3.1.5)

ANA msat A7 opyz, FHEAN NG 03,.0,9,.0,2 % BFL JERRE Y

ola, d v YA o AA o 7MY WHE o,x,y,z, JFEAZ TS A
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wl
¥
By
=R
K\‘
et \7/
Fig. 3.1 Diagram of robot about 6,
6, = Atan(p,, p,) (3.2.3)
r
Fig. 3.2 Diagram of robot about 6, ~ 0,
6, = Atan(s,r) — Atan(a, + ncos(6, — ), nsin(6, —a)) (3.2.4)
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2 2 2

+s8°—a’-n’ _sz+P),»2+(Pz_dl)z_azz_azz_d4z

,

cos(f, —a) = 2 =D (3.2.5)
} 2a,n 2a,\Ja’ +d,’

(6, —a) =Atan(D, £N1* —= D*) (3.2.6)

0, =Atan(D, £’ = D)+« (3.2.7)

o 71 A,

r=\p +p’, s=p.-d, (3.2.8)

d
=cos  (—(—2=), n=./a; +d; (3.2.9)

¢ =5, Oll¢, O si¢ =-s, 0
R,R R =|s, ¢ 0 L 0fs, ¢ O
0 0 -s, 0 ¢, ||[0 O
C,C0C, = 8,8, —C,C,S, —8,C, €S, u, U, U,
= 5,66, +C¢Su/ —84C0S, +C¢Cu/ SsSo | T | Ugi Uy Uy (3210)
—S5,C, Sy, Cy Uy Uy, Uy

A7kel §=0,0=0, y=6,% TauE B 2o,

D Z17be) Bas Mol sh W o] oluetn sty Felnd thgat 2k 1

wal W F oy m oocu s, =t flou o)BE

0=6, = Atan(u,,, ++/1-u> ) (3.2.11)
o] AL}

0=0, = Atan(u,,, —1-u)) (3.2.12)
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7F "k 7F 2 (3.2.10)001H 5, >0 o|EZ

S8 _ ng= u,, 5,8,  tany = Uy,
C¢ So Uy, _Cu/ So Uy,
¢ =0, = Atan(u,,, u,,) (3.2.13)
v =0, = Atan(—u,, u,,) (3.2.14)

olaL 97k 4 (3.2.11)°]H 5,<0 o]E=E

¢ =0, = Atan(—u,;,~u,,) (3.2.15)

v =0, = Atan(u,,—u,,) (3.2.16)

7h Aoy webA g o] FEo] uwhet 2789 el Al €k

i) 2zte] e uu, b B 00]2hE, UZh Amadoleh Ae u, =+10],
u, =u, =002k Eolth. Wepy U Taum
u, u, 0
U=\u, u, 0 (3.2.17)
0 0 =1

whek y 1ol We, =10]aL, 5, =0 o] B §=0o0|c}. olu 4 (32.9)C

¢, —s,s, —,s,-s,c, 0 o S, O u, u, 0
=|s,c,+¢s, —ss,+ce, 0|=|s, ¢, O0|=|u, u, 0 (3.2.18)
0 0 1 0 0 1 0 0 1

A gy = oS
¢+y = Atan(y,,, u,,
= Atan(u,,, —u,)
oA Aald = vk olw FA] ¢ grto] AQH R, T3] B
o1y E 2] (3.2.16)% Ao}
ok y =-10]W ¢, =-10]31, 5,=0 °o|E& f=gxo|t} olu 2] (3.2.9)

+
<
lo,
I
=)
rlo
ofl
-
o,
X

of
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o]

-c,c, —s,s, ¢,s,-s,c, 0 -, =S, 0 u,
-s,c, t¢,s, 8,8, +c.c, 0= s,, c,, 0|=lu,
0 0 1 0 0 1 0

At} Wy ge

¢ -y = Atan(_uu’ —Uy

o]

o]
PR

= Atan(—u,,, —u,,)

aL, A F-ehs g2 wel Al "k

R=R =R K

R =(R)"-R

Euler ZH=5 ©]-&3}7] 9fsto] thgo #AE o] &3

(3.2.20)

(3.2.21)

(3.2.22)

4 313 7178 ANl Rl slgshe AR thevt gel Al Td &

.

$18 ¢ TSCy 5185 —GSy; Oy
3 INT
Ro - Sy S GGy | (Ro) - G S 0
Cy 0 Sy —8,Cy3 CCos Sa3
6 O [e)
wel A R et 2,
CiCsCs —8,8s  —CCs8s — 8,65 CySs S1853 —C Sy
6 __ _ —
R} =|s,cic,+c,s, —s,c8,+c,c, S8 |=| ¢ s,
—85Cs S586 Cs —8,Cy CCy

RiSiSys ~ 1 €8y + 15,6y Ry8180; ~ 1y €Sy T 15505, 71381855 ~ 153Gy T155C0;

= G + 1,8, 16+ 1,8,

TS Cyy T CCy 1Sy, THS IOy F 000 1Sy TH S Cpy F TG00 T3S0,

°]& Euler®] 74-5-¢F 43t A&3tH 6,,60,,0, v T

94 = A tan(’,‘ISSlSZ} - rZSClSZS + ’,‘33623 > rlSCI + rZSSl)

C

23

0

N

23

o
=

31

136+ 18,

1l

],

2
95 =4 tan(—i’l3s1023 T 7556 Cp 1535035 * \/1 - {_risslczs T 760, t ”33‘5‘23} )

30

.

(3.2.23)

(3.2.24)

(3.2.25)

(3.2.26)



96 = Atan(_{_rllslcn +r2161623 + ’,‘SISZS}’_FIZSICZS +r2261623 + ’,‘32S23) (3'2'27)
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3.3 Wiy&EHolH & 7|73 4

x84 Aok
s 3.3.1
* o, (3.3.1)
(33.1) oM J 9 J = 4 3xn 8 AEE Z4EEE YEhE o))
6% =3O A9 S AB|ANE o] &ato] PSR R, 1o tigh i v del o

g Amneks el @ e4e 4 (3329 2ok

Z.

i

J; _ |:Zil X (011 _011)i| (332)

9] A& ol gate] 6% vhybd mite] Amulel A2 AW 4 (333)7 Lk

[z, % (0, —0,)

L 0

[z x(0, -0 z x(0,—o0

L 0 1

[z x(0, -0 z, x(0,—0,) z x(o,—o,
<[ Bxe) mxe _)}

L 0 1 2
J():ian(OA_On) ZIX(OA_OI) ZEX(OA_OZ) ZAX(OA_OA)
M L Z Z 2 Z
J():iznx(os_on) ZIX(OS_OI) sz(os_oz) ZAX(OS_OA) ZAX(OS_OA)
Sq L Z Z 2 Z Z
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BE) X(Os _Ou) Z X(Os _01) Z X(Os _02) Z X(Os _03) Z, X(Os _04) Z X(Os _05)
Jo(a)= (3.3.3)
0 Zl Zf’. Zl Z4 ZS
=[Jl J: Jz J4 Js Jb]
[e) = O] & 1l [e)
Asuler 4L ASI] §1g A o -0, = thed Pt
0 —a,s, a,s,s, —as, a,s,S,, +a2S1S2 —as,
0, = 0 , 0, =| ac , 0, =|—a,cCs, +a1C1 ,» 0, =|—a.Cs,, —a,Cs, +a1C1 5
10 d, a,c,+d, a,c,, +a,c,+d,
_d4S1C23 +a,5,5,; +a,5,5, —a,s, _d4S1C23 +a,5,5,; +a,85,5, —a,$,
0, = d4C1C23 TaC8,, —a,08, T ac |, 0= d4C1C23 a8, —a,G8, tac |,
d,s,, +ac, +a,c,+d, d,s,, +ac,+a,c,+d,
d6 {Ss (C1S4 + S1C4S23) _Slcsczs} _d4S1C23 Ta,5,5,; +a,5,5, = 4,5,
o, =|d {s,(s,8, —cc,5,,) +cec, y+d,cc,, —acs, —acs, +ac, (3.3.4)
| d,(c,s.c,, +¢.8,,)+d,s,, +ac,, +ac,+d,
e, HEuE g~z = e 2ok
0 ¢ ¢ =5Cy
ZO=0,ZI=S1,ZZ=S1,Z3= Gl |
1 0 0 Sy
=8548 €€y Ss (C1S4 +SIC4S23)—S1(25023
z,=| 8,8, +sc, |, z,=|8,(85, —cc,s,,)+ccc, (3.3.5)
L —5,Cp C,CsCyy T CiSy,

2 (3.3.3)° (3.3.4)¢ (3.3.5)F A &5t AL AdE A2 FHsI3lH
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3.4 MU EHIE TH3} 4

2 doM e 7 uyEdolHY #4d23 F,449Y T Fie FYshs 4 sgith

WA Fig 3.4° wiy & olHE AztetAl. mjyEd oy 9 Iefn|gEo] 1hekgk 37
WSekd, vy E oy e WA o] HUAEHIL, g, ~q, = A7 FHAHCE AojH
At} Fig 3.49] 7195 54 ¥ A 7] (five-bar linkage)2} St} 1ol A 2] 47 <]
Avk oy, #gHow uAHRE FUF AR AW, 54 A7 Bolo AFo] Hrh
Figure 3.4 oA [, [ o Zoj:= 21, [ 2 AR Holx £} wpebx] 199 &3l
7 & (closed path)x= HAAHF o] Ha1, o] AAS w$- 7hdalA b ey P35

| Y LN
s} P69 Aol BAW, AFRI/} 22 Aot Ak

ot -l> m{m

9 oZi

e
Fig. 3. 4 Four bar linkage

= )7RA AL & el el
Ae) Azviekl UE ARE 2 5 g3 ALTE A Aok Bk AR ofel
Gae) ARFA, L, 1, 1,)0 ARE QuE AR FRE 2 5 AT 5



[x. 1 [, cos
X, { . ql} (34.1)
_ycl lcl smgq,
(x.] [1,cos
%o ] [ qz} (34.2)
V| [L.sing,
_x(,3 ] _lz cos g, [ cosq,
= . + . (3.4.3)
| Vs | _12 sing, [ sing,
(x, ] _ I c?s q, } +{lc4 c.os(q2 —71'):| (3.4.4)
| V.| |Lsing, [, sin(q, — )
[ cosg, [,cosq,
_ ' + e (3.4.5)
[ sing, [,sing,
Hgom, of 4ES EeS wob o7 AFFN ST ¢.q.9 FFE L 5 9
o HJYAAdS A8l o 2 A= EIQk dE ] AlWA S A ool B R FA|gTE A
[~1,sing, 0
v, =| o }q (3.4.6)
| [,cosg, O
[0 —1,sin
v, =| et (3.4.7)
c2
|10 1,cosq,

[-1,sing, ~I,sing,

v, = }q (3.4.8)

| [ycosq, [, cosq,

[-1sing, —I,sing,

v, = }q (3.4.9)

| [,cosq, —I,cosq,

of Atk HE AZHQS, | =148 % Ao Ve 47l dP golaa.

UEow v g9 AEHEs G

wlzwsz%k’ w2:w4qzk

2 FojdS A & 5 vk webd g gES
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D(q)= } J'J + L+t 0 (3.4.10)
m. S
1 e 0 I,+1,

2 Foldth 4(52% 9 A ¥n BEAAFEALS A4 Azad e 2ol
A},

d (@) =ml +ml +ml’+1 +1,

dlz (C]) dzl(q) (m Zz M 11104)(;05(‘12 _ql)
dzz (q) = mzlczz '*'m3lz2 +m4lcz4 +12 +I4

(3.4.11)
Fo)3 AL
mll, =m]ll, (3.4.12)

ol ¥ qHe] iz dola A Holet=sloltt. AF R Fst WA AL Coriolis

Y= FAGE AUA gk

A AN A= =

V= gZym—gsmql(m1 L +ml, +ml)+gsing, (ml,+ml, —ml,) (3.4.13)

o] il webA

¢1 = gC0s¢q, (mllcl +m3lc3 +m4ll) (3414)

¢, =gcosq,(ml, +ml, —m,|l,)

7 @,

¢ = TA g ollvt gy A g o= FFHA Ferh MR g = GA g, ol v
] il g o= iP%EW =tk mEkA #AA (3.5.5)0 wEEH 19 3519 F

=3
=
3o 2ol mMiyEdolH s vEd 2ol UAEd WA Jdde vlsdr
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(3.4.15)

:TZ

d, 4,+9.(q,)

d11 71+¢1(q1)2715

o
O

Ea
M

—_—

0

)

A

s
a

7}

=
-

9 aglo]

A

KeX
=

Alol el 235 A}-8-(interaction)

s
a

7}

=dy

E[l_

(3.4.12)0]
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A 4 Ao A2 4

T "YEHCIHE Afsty] A AA Al&® FAREE Figo 4.1 3 2oh
AoAAr 2L A A8 =F7], F Aoyl EEACY], MEEYH Zgojd U

AARR A,

’ i
Motot control
system

Master DS :

AXis=1-46, grip

Fig. 4. 1 Total control system of the Manipulator

B = T yEdelH = 7 JHe ¥E e ZE 9 7 e =dfeln B 7t
wdel A o] FEe wrl A AAMEe] Un EEH Aoleh Al HolH

AEE Y3 HEESHZA DSP & A8 Master DSP, XE Alojr] 1g]al
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AG2ZF71= AR HE9 A7I7E Hol wiyEeolEel A9 WHE

AetAY iy Eeolg e dA dRe RUHPstL JRtRRE e tob

Mater DSP & #-8& ZF7|25H HA4gton xol2Ee -5 HolHE Wopa 7zt
BEe] &£x dolHR #hg wWEstel FHEdth ozl mHO £& doEE
RS232 EAlo 2 WE Ao]7|= 4als},

BE Ale]7]E= Master DSP 258 $218 RHO &&= dojHe vjyEdolE 9
Ztzte] =gpelnle] M REZR  wSkste] RS485 FAOR EdholHE  RLE
TEdlelHE Sl

BE  Egolws BEHANVIERE  HRdolHE flste] RHE  FEsuA
AFAA, E44 3 #d7s7] die G2 FEMMZTE AdAdolets whop
U EeelE o] @Az o)) FES AR FAATIE HHFA V)5S

ol#fl 9] Fig. 4.2 &= =gfolHe] Alxlolal, Fig 432 =glelw o] BErjolo] 13o]t}

Fig. 4. 2 Picture of developed driver
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HallIC Signals

Fig. 4. 3 Block diagram of motor driver
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Al 5 & 65 WyEdClH 2224 44

5.1 #EFE7] &

71€ iy Edelg el 74 EAE JiAdske] AlRtd 2xRde #d eT)=
Fig 5.13 #o] oFo] dAZdd Aol&s 7|8t B3 Wiz wjidstel dAsin
7]Ee] EdRg 3dFe] HAFS AA st TEoer AAste] F= sdsiA A

Hom 9o AAY AolEe FFo= AFHAY SH UL UF2e] wjd HA

Fig. 5. 1 3D design of cross section of joint actuator.
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Fig 5.2 W4 wiide] Fej= AMEA Az vigEeolge] d 5712 7}

L

of dHEFE)e] FE Fxe 7S yEdelHe 22 25l TR A H

2

o #ENE SVMA B Aok AAAsth b 3 qhsr] el vl A

2
L

AAE 8 SRANE Agstel FAH TEAAZ BAse] AEA AE

4
i)

“

Fig. 5. 2 3D design of joint actuator.

5.2 Wiy EH oy 2124 7|5 74

Skl A Jitd #A FE7E VIvte® JidE §S miyEdelEE AAE. A
AAQl 7] -FE Figure 5.37 o] Q-1 X -TX-E-9]2-2 FxzZ o|xe R}
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Hgstel 9 g

md9 7 #ATET|] B

431

s 2gle] ok

=1

N

[ Axis—6

]

[ AXiS-Grip

]

Weight

axisl: 3.3kg
axis3 : 4.8kg
axis5 : 3.8kg

Fig. 5. 3 3D design of manipulator.

Gripper: 2.8kg
manipulator: 30kg

A, @, A e& Hetsta A&
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Total Length : 1066.5mm

axis2 : 4.8kg
axis4 : 3.9kg
axis6 : 2.5kg



Fig. 5. 4 Underwater manipulator
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Fig. 5. 5 Motion test
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H3.2 w28
= =Fi ,.--_;5:
4y 3 ip7
28 26
— o LOad 2.5 — [ Load
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Fig. 5. 6 Results of motion test
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