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Department of Mechanical Engineering

Graduate School, Korea Maritime University

ABSTRACT

In this paper, | designed and constructed two light-weighted 12 d.o.f
robot arms for the humanoid robot and studied its kinematics model. The
weight of one arm is light enough to be 9 Kg but capable of delivering
10Kg pay load.

To find out the characteristics of the robot arm, an analysis on the
kinematics and dynamics was performed. For appropriate design of the
motor capacity, a computer simulation based on the analysis on the
kinematics and dynamics was performed. Through this, the required
torques for delivering the payload were capable of measuring.

Since an ultra—-light robot arm despite of heavy pay load was designed,
an FEM analysis was performed using ANSYS tool to estimate deformation
of the robot link. The accuracy of the analysis was verified through the

actual pay load test measuring the deformation of the robot link.
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Fig. 2.2 Structure of the KUBIR-2 arm
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CVERVIEW
Hewght " 173 cm
Gieight - B2 ko

Total OOF - 280 DOF

- HEAD " A DOF
- AR - 12 DOF
- LEG - 13 DOF

Mamn Computer 06
ARM Board

Motion ConlroBar-
DEP{THIS320LF2407 )

Bansors - Tik Gensor

F&R
CCD Camera

Mechanical D esign

. =

HEAD

— DEP{TMS320LF24075
— 2 CCD camera
— DC Motor

ARM

— DEP{TMS320L 24075}
— §0%7 DC Beanve Motor

— Hamonic Drive

b

LEG

— DEPITMS320LF2407 2}
= 1500 DC Servo Motor
— Hamonic Drive

— Tik Bensor

— F&R

Fig. 2.7 System composition of the KUBIR-2




Table. 2.1 Specification of the KUBIR-2

Height 160[cm]
Weight 75(kg]
DC Servo motor + Harmonic speed
Arm reducer
DC Servo motor + Ball screw
Actuator DC Servo motor + Harmonic speed
Leg reducer
DC Servo motor + Ball screw
Head DC motor
Arm
Control unit Leg TMS320LF2407 + Motor Driver
Head
P Arm
ower
Capacity Leg 24V/50AH
Head
USB cam, Tilt sensor, FSR,
Sensor . -
Magnetic sensor, Proximity sensor
Table. 2.2 Degrees-of-freedom of the KUBIR-2
Neck 2 DOF
Head
Eve 1 DOF X 2eye = 2DOF
Left 5 DOF(shoulder 2 + elbow 1 + wrist 1)
Arm Right 5 DOF(shoulder 2 + elbow 1 + wrist 1)
Hand 1 DOF X< 2hand = 2DOF
Left 6 DOF(hip 3 + knee 1 + ankle 2)
Leg Right 6 DOF(hip 3 + knee 1 + ankle 2)
Waist 1 DOF
Total 29 DOF
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o|FHYPZH] g2 WA Ho] 76cm, FA 9kgd ALY FEAAE
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FHo] ok sAES AT BZHe 5SS dolorsitt.  aEA 1
¥ (gripper)?] 9%} W3S <=7]F-8Hkinematics)S E3 Talal o] S o] &3}
o] z}sH|<t(jacobian) FHE Fale] £% #AAE dolrd Al Y

4% FEsgh B ERAAE nio] naFL Al Fade F
=

H

<
O+

3 gonz o 9=S 7Fow o] 5%9 uluyHEd o H(manipulator)
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3.1 o] 773} 814

25 B AF 955 7IFHoRE sto] &8 HRE dollr] fAM=
718kol| A AME-Sh= 2[R 2k (homogeneous transform)S ©|-&38tH HHS
o 25 2o 7 #d AR7F TS W WA A wEks 44
3t7] 913+ =718 WA 2A1S Denavit — Hartenberg(D-H)7foFell ols] 2w
HARAE ol &sto] =gk o] ok 7 FAE 4.5 4] V) wEdy

i

cosd -singd 0 1 0 0 cosd 0 sind
R,p=|sin@ cosd O R,=/0 cosd -sind| R,= 0O 1 0
0 0 1 0 sin@ cosd -sind 0 cosd

A =Rot,, Trans,, Trans, , Rot, ,
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AN 6, a;, d;, o, WA i TA 9 47019 stbu|E(parameter)©] th.
ol st H 52 dRtH oz o= Aol(length), o= BIEH(twist), d= 23Z
Al(offset), 6,5 Zt=(angle)® E#TH F&H 4,5 AL Sh=o]7] wf &
el 4708 serlE T 37l Aerolal 1ol ®Wigreln S, 3 d ol A

= 07 AAE e q7F AWl

Fig. 3.1 D-H coordinate frame assignment for the KUBIR-2 arm

Table 3.1 Link parameter for the KUBIR-2 arm

Link a; Q; d; 0,
1 a 90 0 0,
2 a, 0 0 0,
3 as 0 0 0,
4 0 90 0 0,
5 0 0 dy 0
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r11 r12 r13 px

r31 r32 r33 pz

N = G{CC,(C,C; — $,8,) ~CS, (5,6, + G, )} + S5
o = ~§{CiC,(C.Cs — $,8) ~ 08, (S, + C,8y)} + 8y
s = C8,(C,C; ~ $,8) +CC,(C,C; — S,8y)

Iy = C{8C,(C,C; — 8,5;) —§5,(S,6, +C,83)} —CSs
fy = ~5{8C,(C,C; ~$,8,) ~88,(8,6 + C,8,)} —¢G
s = 85,(C,C; — 5,8;) + 5,6,(8,C; + C,S;)

a1 = G{C, (8,6 + C,8,) + §,(C,C; ~§,8y)}

3 = ~§{C, (8,65 + C,8) +5,(C,C, = 8,8,)}

I3 = _C4(C2C3 - 3233) + S4(52(33 X Cz%)

ojm, g o] A WY p = Tt Ak

P, =d{cC,(S,C; +C,8;) + 65, (C,C; — 5,8} + (8, +a,C, + ,C,C, — &;S;S))
P, = di{sC,(S,C; +C,8;) +55,(C,C; — S,8,)} + 5. (8, +3,C, + i€, — &;S;S))

P, =di{s,(CS, +C,8;) —€,(C,C — S,83)} + &S, + S,C, + ACSS,
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Vo = ‘]vci(q)q’ w; = RT(q)‘]wi (@)g. i=1..5 (3. 4)

ANNN gy, J, ERVIHAEA A& AT A% % Az erolth,
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)
I
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e

L} Q
7} 9o Fig. 3.1004 R wpep o] &3 &l 7 phd e sjdyddent
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g
, A%EEe 2o AEAS UEuE MEAY Had 5 el 7 929
Z

-31in{qgq] 1.1 O O 0O 0
JVni= Cos[gq] 1.1 O O 0O O
o o 0o 0o o
-5in[qy] lep - Cos[gy] 5in[qz] 1ez -Cos[qy] 5infgz] 1z 0 0 0
Jvez= | Cos[qy] ler-Sinf[qy] Sinfqgz] 1z -Sinf[qy] Sinfgz] 1z 0 0 0
1y - 1oy +Cos[qz] Lo i -1lep+Cos[qz] ez O 0 0
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Jvg=[
{{-Cos[q1] 5in[qy] 13 - 5in[qy] 1eg - Cos[qy] Sinfgs + qa] Leg, -Cos[aqz] (Sin[qp] 13+ 5inqz + @] Lea),
-Cos[qy] (5in[gz] 1z - 5in[qz] 1eg +5infgg + g3l lea), O, 03,
{-5infqy] 5in[az] 1 + Cos[qz] Lot - Sinfqy] Sinfgz + @3] Lea, -5infaqr] (Sin[qz] 1y +5inqz + g Lea),
-5in[qy] (5in[gg] 1z - Sin[q] ez + 5infgg +qs] Lea), 0, 0}, {11+ Cosfgg] 1g- Loy + Cosqy + q3] Leg,
1y +Cos[ap] 1y - Loy + Cos[qp + 4] 1oy, Cos[az] 1z - Cos[az] 1oz + Cosfaz +q3] Leg, 0, O}

Jves= [{{-2 Cos[qy] 5inf[gz] 13- Coslqy] Sin[qz + g3] 13 - Sinfqy] Loy +
Cos[qy] Sinfgz] ez - Cos[qy] Cos[az] Sinfgz] 13 - Cos[aqi] Coslqz] Sinfaqs] le,
-Cos[qy] (251n[gz] 1z +51in[gz +q3] 13- 5infqz] Leg + Sin[qz + 3] leal,
-Coz[qy] (25infg] 1z + 5infdz +qa] Ly -2 5in[qz] Lez + Sinfdz + q3] Lea),
-Cos[qy] (3infqz] 1+ 5in[qz +q3] 13 - Sin(qz] 1e2), O3,
{-25in[qy] 5in[qz] 1z - Sin[q] Sin[qz +qa] 13 +Cos[q:] Loy + Sinfay] Sinfqz] ez -
Cos[qs] 5in[qy] 5in[qz] leg - Cos[qz] 5infqy] Sinfqa] les,
-5in[ogy] (25infgz] 1z + 5in(gz +qa] 13- 5infgz] Loz + Sin(gz + d3] leal,
-5in(qy] (25infq] 1z + 5infgz +qz] 13 -2 51n[gz] Lz + 3infgz + 93] 1ea),
-5infqy] (Sinfqz] 1z + 5infqz + g3l 13 - 5in[qz] 1ez), 07,
{l1+2Cos[qz] 17 +Cos[dz +q3] 13- 1e1 - Cos[qz] 1ez + Cos[qz + a3] Les,
li+2Cos[gz] 13 +Cos[qz + q3] 13- Lex - Cos[dz] Lez+Cos(dz +qs] leg,
2Cos([dz] 13+ Cos[qz +qs] 13- 2Cos(qz] 1 + Cos[qz + 3] Les,

Cos[qz] 13 + Cos[az +q3] 13 - Cosfaz] lez, O}

Jves=[{{-2 Cos[qy] S5infgz] 1z - Cos[q1] Sin[qz + q3] 13 - Sinfqy] lep +
Cos[q1] 5infgg] leg - Cos[qi] Cos[gs] 5infqz] leg - Cos[qy] Cos[qg] Sinfas] les,
-Cos[qy] (2 5in[qz] 13+ 5in[qz +q3] 13- 3in[qz] lez + Sinfqz + 93] lea),
-Cos[q1] (25in[qz] 12+ 5in[qz +qa] 13 -2 5in[qz] lez + Sinfqz + q3] Lea),
-Cos[q1] (5infqz] 1z + 5infqz + 93] 13 - 5infqg] Llez), O},
{-25in[q1] 5infqz] 1z - S5infqy] Sinfqz +q3] 13 +Cos[qy] Loy + Sinfqy] S5infgg] leg -
Cos[qz] Sinfqi] 5infqz] 1e3 - Cos(az] Sinfqi] Sinfdgs] 1o,
-5in[q1] (25in[qz] 1z + 5in[qz +qa] 13 - 3in(dz] Lez + Sinfqz + d3] les),
-5in[q] (2 5infqz] 12+ 5in[qz +q3] 13 -2 5in[qz] lez + Sinfqz + q3] Les),
-5in[q] (5inf[qz] 1z + 5inf[qz + 93] 13 - 5infqz] lez), 0},
{l1+2Cos[qz] 1z +Cos[dqg + q3] 13- 1c1 - Cos[qz] 1z + Cos[qz + 3] Les,
li+2Cos[gz] 1z +Cosfaz + ds] 13- L1e1 - Cosaz] Loz + Cos(az +da] Lea,
2Cos[gz] 13+ Cos[qz +qs] 13 -2 Cos[qz] 1z + Cosqz + qs] Lea,

Cos[qz] 1z + Cos[qz +q3] 13- Cos[qz] lez, 0}1]
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o 0 0 0 0
Juiq= [ o o 0 0 o0 ]
1 0o 0 0 0
0 sinf[qi] o 0 0
Jwiy = [D -Cos[gqy] 0 O D]
1 0 o o0
0 Sin[qgi] finf{gqy] © O
T = [ 0 -Cos[gq] -Cos[gqy] O D]
1 ] ] o o
0 sinfdqq] Fin[qq] sinfqq] O
Juwg= | 00 -Cos[gy] -Cos[gy] -Cos[gq] O
1 ] ] 0] ]
0 sinfgy] Sinfga]  Sinfdi] Cos[gi] Sinfdgz + d3 + da]
Jws= | 0 -Cos[qy] -Cos[qy] -Cos[qy] Sin[qy] 5in[qz +dsz + d4]
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HE RE FO WS BUsth  EdeE  BInE 4F
ol i=1,.5 B BARAES 2% 279 AFYS ¢ 5 Aok

Cos*0+ Sin®0 =1, CosaCosB+ SinaSin8= Cos(a— )< ©]&3to] HA A€l
o1 BABAE T & Ak

Dyg =4y + iy +1q+ 1y +i5+1§2m2+l§ m3 +2Cos[qy] 1glogmg +1§3 m3+4 l§m4+4Cos[q3] 1plym+
Limg- 41y Lopmg - 2Cos [q3] L3Lep ma+ 15y my +4 Cos[a3] Ly Loy ma +2 1313 ma -
2Cos[d3] 1o loamy +153 my +4 1% ms + 4 Cos[qa] 12 13 my +1§ ms-41y19m5-2Cos[qs] 191eo ms+
152 ms+4Cos[qa] laleamg+21313m5-2Cos[q3] 1oo 1oy mg +133 ms + 1% (Mg + M3 +my +ms5) +
12) (my+2 (mp+mg +my +ms)) -
21g (Cos[qp] 1y my +Cos[g + q3] loamy + 2 Cos[gp] 1amy + Cos[qy +q3] 13 mg +Cos[qn + qs] 1eamy +
Cos[qa] Lcg (mg - my -m5) +2Cos [qp] 1y ms+Cos[g +qz] 13 ms+Cos[q +qs] Loams+
1y (mp+mz+my+ms)) +
21y (Cos[gp] 1oz (mp-my - m5) +Cos[qp] 1 (mg +2 (my +m5)) +
Cos[gz +43] (13 (mg +ms) + L3 (m3 +my +ms)))

Dyz =Dy =1E2m2+l§M3+ZCos[q3] 12103m3+1g3m3+4l§m4+4Cos[q3] 1213m4+1§m4-

41p1ep My -2Cos[qs] 13 Lop My + 1% my + 4 Cos [q3] 1y Log Mg +2 13 Lgg My - 2 Cos [q3] Lep Log my +

133m4+41§ ms +4 Cos [q3] 19 13m5+l§ ms=419 1 m5-2Cos[qsl 13102m5+132 ms +

dCos[qa]l 1o1lpams 421313 m5=2Cos 3] 1oz 1o3ms +133 ms +1§ (mg 4+ mg +my +mg) +

1% (g + my +my + m) -

21y (-Cos[qp] 13 m3-Cos[qy +q3] Legmy =2 Cos[qp] 1pmy - Cos[qo +q3] 1y my -
Cos [q +q3] 1ca my -Cos[qp] Log (mg = my - ms) -2Cos[qp] 1y ms - Cos [qp +q3] 13 ms -
Cos[gp +dq3] Leams+ gy (mp+my+my+mg)) -

210 (Cos[qp] 1eo (mg-my-ms) +Cos[qe] 1o (my+2 (my+ms)) +
Cos[qz +q3] (13 (my+ms) +1p3 (m3+my+ms)))

D13 = D31 = Cos [dp] Lot Lep m3 - Cos [qr +a3] Lot 13 M3 - Cos [q3] Lep logmy + 153 mg +15 my -
Cos[qz +a3] L3 loims - 3Cos[a3] Lylepmy+2Cos ] 1oy Lepma+2 1% my+2 13103 my -
Cos [d +d3] Le1 Lo3 My - 3 Cos [a3] Loa Loy my + 123 my + 13 ms - Cos [ap + a3 13 1ot ms -
3Cos[qs] 13 1ca M5 +2 Cos [ap] Loy Lop Mg 42 15 ms +2 13 103 ms - Cos [ + az] 1oy Log ms -
3Cos[aa] lea loa ms +1§3 ms + l% (ma+4 (mg+mg5)) +
1; (Cos[qp] 17 (m3 +2 (mg +my5)) -Cos[qe] Lo (mg+2 (mg+ms)) +

Cos[qgz +a3] (13 (mgy+ms5) +1g3 (M3 +mg +ms))) -
1y (Cos[qa] 1ot (m3+2 (my+m5)) +1cp (m3+6 (mg+mg)) -
2Cos[q3] (213 (my+ms) +1c3 (m3+2 (mg+mg))))
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Dig =
Dyy =
(213 +1%-Cos[qp +q3] 131c1 -2 Cos[az] 13 1eg +Cos [qo] Lo Log #12% +
1y (Cos[qp] 1y +Cos[qr +q3] 13-Cos[qz] o) +131p3-Cos[qs] Leples+
1y (3 Cos[q3] 13-Cos[qp] 1oy -3 1pp +Cos[qs] 1o3)) (my +my)

Dog =1y + iy +1y +1'15+l§2 m2+l§|n3+2005[q3] 11y m3+153|n3+4l§ mg+4 Cos[qy] 1o lymy +

13mg - 41y Logmy -2 Cos [q3] Ly Leg my + 1gpmy +4 Cos [qz] 1y Leg my# 21 Leymy -

2Cos[q3) 1o legmy +153 my+4 1% mg +4 Cos[qy] lalyms+ 1% ms-41919m5-2Cos[qy] 1g1lcamy+

152 ms+4Cos[qa] loloamg+21g1o3ms-2Cos[as] 1o 1ogms +153 Mg +l% (Mo + My + 1y + mg) +

151 (my +mg +my +ms) -

21y (-Cos[qp] Ly my-Cos[qy +q] Leamg-2Cos[qp] 1amg -Cos[qg +a3] 13 my-Cos[qp +q3] Leamy -
Cos[qz] Lez (mg - my - m5) - 2Cos[qp] 1y ms - Cos [qp +q3] 13 ms - Cos [qy +q3] Lgg ms +
Loa (mg +my+my +mg)) -

21 (Cos[ap] Loz (mg-mg-ms) +Cos[ap] 1o (M3 +2 (mg+ms)) +
Cos[q +q3] (13 (mg+ms) + 1oy (mg 4 my+ms)))

Dy3=Dyp =g+ 8y +35+Cos[qe] 1o 1oz my-Cos[qe + 3] 1o logmg-Cos[qa] oo 1ogmg+ 133 my +
1my - Cos [qp +da] 13 Loz mp =3 Cos [q] L3 Lopmy +2 Cos [qa] Log Lo mg #2 15y my+ 213 Logmy -
Cos [z +qa] Lot Leams - 3 Cos[aa] oo Lo ma+ 153 my + 15m5 = Cos [ + 3] 13 Loy ms -
3Cos[m] 131 ms+2Cos[qy] 1og looms +2 152 ms+2 1313 m5-Cos[qo+a3] Lo legms -
3Cos[q] Lo 1o ms +1§3 M5 +1§ (my+4 (my+mg)) +
13 (Cos[go] 1p (m3+2 (mg+ms)) =Cos[qy] Lo (mg+2 (mg +ms)) +

Cos[aqz +q3] (13 (mg+m5) +1p3 (m3+mgtms))) -
1y (Cos[qp] 1ot (my+2 (my4ms)) +1cp (my+6 (mg+ms)) -
2Cos[qz] (213 (mg+ms) +1o3 (my+2 (my+ms))))

Dyg =
Dys =
iy + 15+
(215 +1% - Cos[qp +q3] 13 1e1 -2 Cos[q3] 13 Leg +Cos [qp] Loy Lep #1% +
1) (Cos[qp] 12 +Cos[qp +q3] 13-Cos[qy] 1o2) +131p3-Cos[qa] 1oplea+
1y (3Cos[q3] 13- Cos[qs] Loy -3 Lep #Cos[q3] 1e3)) (my +ms)

23



D33=1'13+1'14+i5+153m3+l§m4+213103m4+153m4+l§m5+2131,33m5+lg3m5+l§ (my+4 (my+mg)) +
2
Loy (my3+4 (mg+mg)) -2Cos[qs] Lep (213 (mg+mg) +1c3 (my+2 (my+ms))) +
Iy (-21cp (m3+4 (mg+ms)) +2Cos[qs] (213 (my+mg) +1c3 (m3+2 (mg+ms))))

D3y =
D43 =
i,; +.|'I.5 +
2.2
(213+13+13(-3Cos[az] 1o +1c3) +1cp (2150 -Cos[as] 1e3) +1p (3Cos[qz] 13-4 1y +Cos[qa] 1ea))
(mg +ms)

. 2 .2 2
Dyg =iy +i5+ (13 +13+42 1y (Cos[as] 13-1g2) -2Cos[qgs] 13lep +1g9) (mg+ms)

D45 = D45 = ﬂ

Dss = di5 oful, 7} sejuE 5& tje) o) 4o A,

L ool A A 7kA 2] A Ao

s o7 AEACO)NA 139 FAZT 7R 2] Ao
L BEAAA E5F74 2 P4l

Lot FEA FEA(0)NA 1,73 FASHZAA L] Aol

l: £=50lA Gripper7tA12] &3 9]

i 7F A ¥ ERE

Chrostoffel&-& F¢ % ¢ 7MAE 948 &3 =9 o) F9 & ¢q%
7FA]3= Coriolis @o & FAEH QoA sl AAdAE DS 2+ F39
A 7 g2 BRAA FHAL TA wehA FB mRe] AU ¢ 2R
& T8%hs oY HAaFEe] Mz dAH Y S22 uE WFdeR &E
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Cip =
-1; (Sin[dgg] Lep (mp = my -m5) +Sin[qo] 1o (m3+2 (mg +ms)) +
25in[qp +q3] (13 (mg+m5) + 13 (my4mg+ms))) +
Loy (Sin[qe] lep (mg-my-ms) +Sin[qp] 1o (m3+2 (mg+mg)) +
25in[qo +q3] (13 (mg+m5) + 13 (my4my+ms))) +
Sin[qs] (Lea (13+1e3) (mg+ms) -1y (213 (my+ms5) +1p3 (m3+2 (mg+ms))))

Cyg =

1
7 (Sinf[qo+q3 +qa] i5-2Sin[qa] 1o leamy -4 Sin[q3] 1olymy+2Sin[qa] 131cp my -

48in[ag] Lo loamg+2Sin[eay] Lo loamg -4 Sin[ay] 1o Lamg +2 Sin[qy] 1310 M5 -

48in[aqg] 1o loams +2 Sin[qy] 1oo 1o3 ms -

1y (Sin[dqp] lep (dmp=my =7 (mg+m5)) +Sin[gp] 1o (Sm3+11 (my+ms)) +
Sin[qr+q3] (813 (my+ms) +#7 13 (my+my+nms))) +

Loy (Sin[qp] oo (4mp-m3 =7 (mg+ms)) +Sin[qe] 1o (Smy+11 (my+nms)) +
Sin[qp+q3] (813 (mg+ms) +7 13 (mg+my+ms))))

Cia=

1
7 (Sin[q+q3 +aqu] i5+2Sin[qr+ @3] Log leamy+2Sinfas] Lo Leamy+3 Sinfap + ] 13 leamg +

8Sin{as] 131lcomy+28in[qp+ a3l Loxlegmy+7 Sin[a] Lo Logmy +3 Sin[ap + 3] L3loams+
B8Sin[q] 131 ms+2Sin[qo + @3] Loy Lo ms+ 7 8infqs] 1oo Loy ms -

Sinfagp+aa] 1y (313 (mg+ms) +2 1oy (my+mg+ms)) -

Sinfqg] 12 (1113 (my+ms) +1c3 (4 m3+9 (my4ms))))

1
Py Sin[qs +q3 + qa] 15

Cia

1]
o

Cis
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Coo =
-1y (Sin[qp] 1 (mp-my - mg) +Sin[qp] 1o (m3 +2 (my +ms)) +
28in[qo +q3] (13 (mg+m5) + 1oz (my+mgms))) +
Ly (Sin[qo] leo (mg - mg - m5) +Sin[qo] 1o (m3+2 (my +m5)) +
28in[qy +q3] (13 (mg+m5) + 13 (my+my+ms))) +
Sin[qs] (Lea (13+1e3) (mg+ms) -1y (213 (my+ms5) +1p3 (m3+2 (mg+ms))))

C23 =
1 . I . I
E (28in[ap+a3] Lop Loamg+25in[qs] Lo Loamy +3 Sinfap+ 3] L3 log my +85in[ag] 13 Loamy +

28in[q +qq] Lo Lama+ TSin{qs) LogLoam#3 Sin[qp + 3] L3 Lo ms+8 Sin[qq] L3lep my+
28in gy +qy] Lo Leams+ TSin{qs] Log Leams = Sinfqp +q3] 1y (313 (my#ms) +#21g3 (my4my4mg)) -
Sinfas] 1p (1113 (myems) #1c3 (dm3+9 (mg#ms))))

Cos =0
Cos =0
C33 =-Sin[qgsz] (l2-1c2) (213 (mg+ms) +1c3 (m3+2 (mg +m5)))

C3a =5in[qg3] 13 (12 - 1.2) (myg + mg)

Cas =0
Caa =0
Cas =0
Crs =0

o

Fde] viyEdely el ddUA= ©ed] 5718 Ha el ¢

H
b &l disiA 2o A = A&y TSR Fobr] 2™

°ltt. 7
A9l wololth, thA] WakW A F EAANUAL BhFES AA Aol
AFFAe BO2 we 2ok T F TARNUAS 2 YA BEwS



g (le1 (Cos[q] my +Cos[qy +qp] mp) +Cos[qr +qo] lomg+Cos[gy +qr +qa] Leamg +
Cos[qy +qo] lamy+Cos[qy +dp+q3] Lamy+Cos[qq +qp +q3+ qy] desms +Cos[qy +qp] Lo ms +
Cos[q +qo + qz] Lams +Cos[aqy] 11 (mg + my +my + mg))

¢y =

g (Cos[qr+qo] Loy mp +Cos[qr + o+ 3] leamy+Cos [y +qr +ag3] Lamy+Cos gy + o + gz + u] des M5 +
Cos[qy +qo +q3] lamg +Cos[qy +qz] 12 (m3+my +mg))

#3=9q (Cos[aqr +qr + 3] 1oamy +Cos [y + o + 3 + da] desms + Cos [y + 2 + q3] 13 (mg 4 m5) )

¢ =gCos[q1 + gz +d3 + qa] dps My

¢s =0
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T dolal oAl BAE e HHEAS AT 9 4,0 WA= ve 2o

4 (4,B,)01 19 WA (X—4,)*+(Y—B,) =d ol A A, =a,cosb,,
B, = a;sin0,% 3 (a5,d,)= 4o WA 2ol thdstel WS g0 #eto] Gt

o3 2,

dy = aysinf, + \/ag - ag — alcosO3 + 2a,a3c080, (3. 8)

21(3. 8)& ol&ste] 12 9 23 wRES W vy P

. sind, (a,;cos0y = as) .
dy=a, (cosf,+ — 2 > - - RAL K )0, 3.9
\/a2 — a3 — a,cos0; + 2a,a3c0s 0,

~ 2
- ) a,5ind; (— a;cos by +ay)
dy=a, (—sinf, — =

2 2 2 2 2
(a5 — a3 — ajcos 3 + 2a,a;cos0,)

a;sinf, cos @y (a,cosf, —a) I
2
\/ag — a3 — ajcos b3 + 2a,a;c08 6, \/ag - a§ — ajcos 03 + 2a,a;c0s 0,
sinf, (a;cosf, —ay) .
a, (cosf, + — - )0, (3. 10)
\/a2 — a3 — a,cos 05 + 2a,a3cos 0,
BA7 0 AEE g9 BAe HAL AAAE 0,9 S5 WAL B
2,
0,=q (3. 11)

webd g9k g, BAE e 2.
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1

(].2: Edg (3 12)
. 1 - R .
G2= Ed27 Ra—zfdQ (3. 13)

1714

sinf, (a;cosf, —ay)

)

Ry, = a, (cos, +

2_ 2 _ 9 2
\/a2 — a3 — ajcost; + 2a,a3c080,

a;5in63 (— a,cos b, + ay)?

R,, = a,(—sinf, —

|

(a3 — a3 — ajcos B3 + 2a,a,c0s6.,)

a;sinf,

2_ 2 2 2
\/a2 — a3z — a,cosf; + 2a,a3cos 0,

cos s, (aycos b, — ay)

+

\/ag C, a§ — alcos O3+ 2a,a5c080,
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stel Azl thgat 2ok,

dy = bysindy + /b2 — b2 — bcos 62 + 2b,bycos b, (3. 14)
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sinf, (b,cos; — bs)
Vb3 — b2 — bcos 63 + 2b,bycos B,

dy= b, (cosOy + )6, (3. 15)

. b,sind?(— bycos O, + b, )?
d3: bl (7Sin937 ! 3 ! 3 3 3 -

(b3 — b3 — bjcos B3 + 2b,bscos b, )?

bysind, cos 5 (b,cosf; — by)
Vb3 — b2 — bcos 62 + 2b,bycos b, \/ b2 — b2 — b2cos 02 + 2b,bycos b,
sinf, (b,cosf; — by)

b, (cosf, + )0, (3. 16)
\/b3 — b2 — bcos 62 + 2b,bycos B,

)04+

WAz 0] AEHE goh WA WS A 6,0 Sk wAE o
At
b3= a5 (3. 17)
w9 4,0 WAL Be Y 2

= jds (3. 18)
1o My

= —dy;— ——d (3. 19)
g3 Ry, 3 Rjgl 3

sinf, (b,cosf; — by)
\/ b2 — b2 — b2cos B2 + 2b, bycos O,

b,sind; (— bycos by + by )?

3
(b5 — b3 — bjcos 63 + 2b,bscos b, ) *

bysind,

\/b3 — b2 — bcos 63 + 2b,bycos B,

cosfy(b,cosf; — by)
\/bg b3 — bicos 03 + 2b,bycos b,
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T (ApB)Y e WA -4+ (v=B)P =4 o SAA
A, =¢,Cos0,, B, =c,Smf, <t A (c5.d)S Lo WAg 2o diglste] M9 a0 &+

st Aestd o3 2o

d; = ¢;sinf, + \/C§ - c§ —leosh] + 2¢,c5c080, (3. 20)

A4 olgatel 12 % 23 W2 Sw Thed) gk



sinf, (c,cosf, —c;)

d,= ¢, (cosf, + )0, 3. 21)

2_ 2 2 2
\/(32 — ¢3 — cjcos By + 2¢,c3c080,

¢, Sinb3 (— ¢, Cosf, + c;)*

J4= c, (= Sind, — T
(c3—c3— ¢ Coshi + 2¢,c4 00894)5
c,.5inb, N Cos0,(c,CosO,—c3)
\/cg - cg — 2 Cosh3 + 2¢,¢5C0s0, \/cg - cg — 2 Cosh’ + 2¢,¢5Cos0,
Sind, (c, Cosf, — c;)

\/C% — 3 — ¢ CosO’ + 2¢,¢3,Cosh),

)6, +

¢, (Cosh,+ )4, (3. 22)

WA g0 A%E g9 BAY FAS AAHE 0,9 FE BAE e

0,=q, (3. 23)
whebd] g5 4,9 BAlS B 2o,
. 1 .
q,= Ed4 (3 24)
1 (3. 25)

Sind, (c; CosO, = c3)
\/cg — = Cos0t + 2¢,¢,Cosh,

R41 = C (00894 +

¢, 8ind3 (— ¢, Cosf, + ¢3)*

Ry, =c,(— Sind, — -
(Cg - C§ — c% C’os@i + 2¢,c4 00504)7
c5inb,
B \/Cg - Cg - C% Cos@i +2¢,¢5Cos0,
Cos0,(c, Cosl,— c;)

\/C% — 3 — 3 Coshr + 2¢,¢,Cosh,

34



W

ol A 2] Alof<]

}

N
Ho
X

o

;e

=7

PAPS
=

3.4.4

Tor

ole] 7

F= s so]of 3.

=
=

o

7;}

A=

9|

=37} 99 ole]

st

oA LA

4

#ol 7t

£

=
.

r,=F [psing

(3.26)

&3} 2ol

sl o

4]

X
=

A7 @, P

(3.27)

acos(d, / p,)

¢|:

2
2

d’>+a

P =

X

&

wet bz oA 8 5 gk

2

il

=

é—_]__

= Age =N Euake] Aozt 9

ol

il

™

;OO
=0

H

Ut 2ol

=h
=

W9 gy a50) 78 ldydyd )91 PIIIE W12 B A =R

A7)

o

il
oj
T

o

o

BATES 9

=3
=1

Fel 4 (3.26)4]

S

35



wm® g
H o N
T B Mo
ol
T T 4
woy W
Mo oF
o % 0
oo B
LS o
[ ol
o
.9 o
dw )
T o= o
=R
oo
=) o
Tor
™ o O
o| = =
Br
= 4§
g
ﬂﬂ ﬂ —
loR H o0
~ L
;OL ‘I‘V| |
T oD o
SOy
_O )
¥ gk
B O N
bo 22
- N Mo
Mo ®¥

Al
4
)
o

(3.28)

.

36

O Ab
2ol 2 Y9 Aol (aybyc) B 2

(o]

.

3

Hel 2 BT Ao
L5 o

ihj=1,..

¥l 2(3.28)04 L

o714 o7
o

)

o714,
H (d); = D(d); Ry (d), Q(d!d)ij = C(d,d)+ H(d)R,; (d)dj

g—v

H(d)d +Q(d,d)d +h, (d) = LF



o B 757 &4

T OE d ® © W T ol
S wom o B oy X =
o RORE My o
_/Zn Ho z_.o ‘HOI . ‘q ﬂﬁ__ glmﬂ
,m Mﬂ ct ﬂ ﬂ_ E._ ‘_N_l
moor 2 nd o= 0
wow 8 W on R g
L & £l ™ ok
X T 0 ~ o
o T T M o) ~I
<+ %om ﬂ/n.,l\ XO & W el w o
TR AE ST S\
[1ie] ﬂ u 1JI ie)
o i oy °F W N o b
o cﬂ No — dl o W) o oF
o o X ._@ R E = r o
X g T W o el T
Y Towp owk W o ~ 3
ey do 7 Mo %0
El " o o W o JI o
- T
ﬁmmmm&%ﬂ._&w}mﬁ i i
oo & B oo T M
Mﬁ — Wﬂ N ol T ol ,‘mﬂ
o X _ —~—
S I I MM
gr AN W oo < X o
Hod ™M m B oo & In ~
ny T i W o - K m o ﬂr
%%%%xwéﬂ o !
s fe) — 1E_L|
L N e e TS
T . T BT W Ib i) — oL
woR e o4 N T % < <+

Fig. 4.1 Torque analysis of the shoulder joint
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Fig. 4.2 Torgue anaysis of the elbow joint
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_M,I[L,[Cosé,

' L [COS@H 4.1)
_ M, (L, [Cosb,

’ Ly [0:08921 4.2)
_ M;IL;, [Cosb,,

* L, [Cosb, (4.3)

ol

71N, ME 22X o] B9 &9 T 2R Fo AFolth. M
16.7kgf, M= 13.2kgf, M= 11.7kgf ot} zF #d¥o] o go} Hijato
Agets F B

= gl ¥ 8 mel WAL A 49 gon, B8 §F @

of W RE EIE Atste UAALS A (4.5)9 2

— Fi
) _ R,
i (Motorload) an] A (4.5)

9] Ao b= Byate) gle, e Buate] 58, A: HEC 7Hu] o]y
o] AFFS Table 4.19] Ve QAT

7}

r

Table 4.1 Constants of the load torque in each joint

Lead of ballscrew|Efficiency of ballscrew Motor
Body name Reduction ]
|b [mm] 7 [9%] Max. continuous torque
Shoulder 2 mm 90% 1:4.3 181INmm
Elbow 1 mm 90% 1:1.75 94.8Nmm
Wrist 1 mm 90% 1:1.75 94.8Nmm
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Table 5.1 Materia property

Elastic Tensile Poi s Ratio| D ity (ha/m?)
oisson's Ratio
Modulus(GPa)| Strength(A/Pa) ensitytkg/m
AL6061 68.9 225 0.35 2710

Table 5.2 Element type and number

2x R | 82 A% | AW
7] -5 SOLID 104642 283229
] BEAM 360 691
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Table 5.3 Displacement FEM of the KUBIR-2 arm

Weight(kg) Displacement(mm)
1 1.47
2.94
4.43
5.93
7.42
8.92
10.41
11.9
13.4
14.76
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Fig. 5.2 FEM result of KUBIR-2 arm
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Table 5.4 Experiment result of displacement of the KUBIR-2 arm

Weight(kg) Displacement(mm)
1 3
2 6
3 3
4 11.5
5 13.5
6 16
7 18
3 21
9 23
10 26

Table 5.5 Adjusted displacement by servo motor

Weight(ke) Wrist Elbow Shoulder Disp.lacement of
(pulse) (pulse) (pulse) gripper(mm)

1 46.4 80 566.7 1.53
2 92.7 160.7 1133.3 3.05
3 104.3 180.9 1275 3.42
4 150.6 261.5 1841.7 4.94
5 185.4 322 2266.7 6.08
6 208.6 362.4 2550 6.84
7 231.7 402.7 2833.3 7.59
8 278 483.3 3400 9.1

9 289.6 503.5 3541.7 9.49
10 336 584.18 4108.3 11
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Fig. 5.3 Comparison result of FEM analysis and experiment
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