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Design and Kinematics Analysis of a Human—-Sized

Biped Walking Robot applied to Motion of Human

Jong—Hoon Lee

Department of Mechanical Engineering

Graduate School, Korea Maritime University

Abstract

This thesis is about 27 degree-of-freedom humanoid robot named KUBIR-3
which has height of 170cm and weight of 72kgf. KUBIR-3 is composed of four
parts: the head, body, arms and legs. The head part is composed of two degree—
of-freedom which are directly connected by the actuator motor and speed reducer.
The body was designed to have one degree-of-freedom to give roll motion of the
robot. The arms were designed to have six d.o.f where three joints are composed
of the four-bar-link joint actuator and the other were designed to have the
actuator motor with the speed reducer as the harmonic driver. The legs were
designed to have six d.o.f. where three joints are composed of the four-bar-link
joint actuator and the other were designed to have the actuator motor with the
speed reducer as the harmonic driver. At the shoulder, elbow, and wrist joints of
arms and at the thigh, knee, and ankle joints of legs, the four—bar link joint actuator
was applied to transfer the heavy loads.

To analyze the kinematics of KUBIR-3, the D-H convention was applied to the
joints of the robot. For this, the center of the robot body was selected as the base
coordinate. Based on this, the relative positions of the arms and legs were defined.
Also, using this, the inverse kinematics analysis was made.

The strain and stress analyses for links of the arm and leg of the KUBIR-3 were
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made by the FEM analysis using the CATIA. To do these, modeling of the arm and
leg was made. The results of the simulation showed the safe design of the link of
the arm and leg.

For the analysis of the four—bar link joint of KUBIR-3, static force equation
according to the load torque was analyzed. The analyzed data of this equation
showed the wvalidity of the appropriate choosing of the actuator motors for
supporting heavy loads. The case molding of the KUBIR-3 was designed and
constructed based on the 3D modeling using the CATIA
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Table 2.1 Specification of KUBIR-series

Height Frame weight DOF Actuator
(cm) (kgf)
KUBIR-1 172 92 25 60W DC Servo motor
KUBIR-2 168 92 29 150W DC Servo motor
KUBIR-3 170 72 27 150W DC Servo motor




Fig. 2.1 Structure of KUBIR-1

Fig. 2.3 Structure of KUBIR-3
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Table 2.2 Specification of KUBIR-3

Height 170 [cm]
Weight 72 [kef]
DC Servo motor +
Arm
Harmonic speed reducer
Leg
Actuator . DC Servo motor +
Waist
Ball Screw
Head DC motor
Embedded

Control unit

Main controller

Single—-board Computer

Joint controller

TMS320LF2407 + Driver6

Power capacity

24V / 50AH

Sensory device

2 CCD camera / Image grabber

Tilt sensor, FSR sensor

Magnetic sensor, Proximity sensor

Operation device

Notebook PC with wireless LAN




Table 2.3 Degree of freedom of KUBIR-3

Head 2 DOF
6 DOF
Left
(shoulder 2 + elbow 1 + wrist 2 + hand 1)
Arm
6 DOF
Right
(shoulder 2 + elbow 1 + wrist 2 + hand 1)
Waist 1 DOF
6 DOF
Left
(pelvis 2 + thigh 2 + knee 1 + ankle 1)
Leg
6 DOF
Right
(pelvis 2 + thigh 2 + knee 1 + ankle 1)
Total 27 DOF
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Fig. 2.6 Rotation range of the head



Table 2.4 Specification of the joint actuator for head part

Axis Motion Motor power Pulley ratio Ratio of
[W] speed reducer
0 yaw 1.5 1:2.85 1:104
1 pitch 1.5 1:2.85 1:104
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Fig. 2.7 The waist frame and joint

Fig. 2.8 Gravity compensator of the waist joint
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Table 2.5 & ol AH&H W4d 5719 AMGS et

Table 2.5 Specification of the joint actuator for arm part

Motor Ratio of
Type of Ball screw
Axis Motion power Pulley ratio speed
actuator lead [mm]
(W] reducer
Directly
0 yaw 60 - 1:160 -
connected
1 4 bar-link | pitch 150 1:1 1:4.3 2
2 4 bar-link | pitch 60 1:4.8 - 1
3 4 bar-link | pitch 60 1:1.75 - 1
Directly
4 yaw 60 7 1:100 -
connected
5 4 bar-link | gripper 18 1:1.75 - 1
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Fig. 2.24 3D model of the knee joint

Fig. 2.25 Rotation range of the knee
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Fig. 2.26 Knee joint
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Table 2.6 2 atAlol AH&H ¥d 5719 AMGS et

Table 2.6 Specification of the joint actuator for leg part

Motor Ratio of
Type of Ball screw
Axis Motion power Pulley ratio | speed
actuator lead [mm]
(W] reducer
Directly
0 yaw 150 1:1 1:120 -
connected
Directly
1 roll 150 1:2.44 1:430 -
connected
2 4 bar-link| pitch 150 i~ 1:4.3 4
3 4 bar-link| pitch 150 5%, A 1:15 4
4 4 bar-link| pitch 150 1:1 1:15 4
Directly
5 roll 150 - 1:645 -
connected
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Embedded Stereo
Single Board Computer Camera
(xB6 based)

Fig. 2.32 Total control system of the KUBIR-3
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Fig. 3.1 D-H coordinates for the KUBIR-3



Table 3.1 Link parameter for the KUBIR-3 head

link a, a d; 7
1 0 90° 0 )
1
2 0 -90°
d, 0,
3 0 0
a3 03
Table 3.2 Link parameter for the KUBIR-3 arm
link a a; d; o,
1 90° 0
Q 0,
2 0 -90°
d, 0,
3 90° 0
a3 03
4 -90° 0
a, 6,
5 0 90° 0 4
5
6 0 -90°
dq s
7 0 0
a, 0,
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Table 3.3 Link parameter for the KUBIR-3 leg

link a a; d; 0.
1 a 90° 0 91
2 0 -90° d , 92
3 a3 90° 0 93
4 a4 0 0 94
5 a5 0 0 95
6 a, y O 0 96
7 a7 0 0 97
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3.2 o|ZugeL v 7|7 A

25 e Fite] D-H #xAE AAle] el Fig. 3.2 ¢ #h

Fig. 3.2 D-H coordinates for the head

A #8452 2 (3.1.1) 3% Table 3.1 ¢ vi/HAFEZTE tha3} o] dojzxint,

CH, 0 SO, O
S6, 0 -Co, 0
Al 1 0 o
0 0 0 1
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co, 0 -S6, O
s, 0 CO, O
A, =

0 -1 0 d,

0 0 0 1]
CO, —-SO, 0 a,Cé,
|se, co, 0 ase,
A= 0 0 1 0

0 0o 0 1 |

meb wEad | & ooa go] FojHr

I, =c6,c0,c0,—s6,s0,
I, =—€0,c0,50, —s6,co,
I, =—C0,S0,

P =céd,cb,a,cl,—-sb,a,s6,+s6,d,

28

(3.2.1)

(3.2.2)



r,, =s6,c0,c0,+cO,S0,
r,, =—56,c0,560,+co,co,
r,, =—S6,S06,

P, =s6,cd,a,co, +cba;so,—cod,

r,, =S6,c0,
I, =—-56,50,
I, =C0,

P, =s6,a,co,
e 23 vee 2w XAy P ges o
P coch,a,cl,—sba,so,+s6.d,

P..=|P |=|s6cb,ach, +claso,—cod,| 23
P s6,a,co,
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3.3 o]l ZEYPRE & 7|78 34

S

g

Fig. 3.3 D-H coordinates for the arm

el D-H #H#EAE AAs] Yebd Fig. 3.3 o 2t

A 45L& 4 (3.1.1) 7 Table 3.2 & W/iRFERRE th3a) o] dojzint,

S6, 0 -CO asé,
01 0 O
00 0 1

CH 0 SO, aCe,

Co,
s,
0
0

30

0 -S6, 0
0 Co O
-1 0 d
0 0 1




Co, 0 SO, aCé,]
S9, 0 —-CO, a,Sé,
_ A
A 0 1 0 0 >
0 0 O 1

Co, 0 -S6, aCé,]
S§, 0 C6 aSh,

Co, -SO, 0 aCé,]
A~ s, Co, 0 aSo,

0 0 1 0

0 0 0 1|

meb wEad | & oo o] Fojdr

i
(BN

o
[

Toam = AAAAAAA, =

w3
[ue

o
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Co,

S0,

Co,

S0,

oSS
w w

wﬂ
w

o

0 So, 0
0 -Co, 0
1 0 0
0 0 1]
0 -S4, 0
0 Cco 0
1 0 d,
0 0 1
(3.3.1)
P i
P
y (3.3.2)
PZ
1 -




r, = ((((cco,co, -sbsb,)co, —cosb,s0,)co, + (-c6,c0,s6, —
s@,co,)so;)co, + (—(coco,cH,—s6,50,)s6, —cH,;s0,c0,)s6,)co,
+ (-((co,cb,cH,-s06s0,)c6, —cHsb,s0,)s0, + (—-cH,cH0,50, —
s@.co,)cH,)so,

r, =—-(((cé,cl,cl, -sb,s0,)cd, —cH,s0,s6,)cH, + (—-co,
c#,s0,—-s60,cl,)sf.)cd, + (—-(cH,co,cO,—-5s6,560,)s0, —cO,
sf,c0,)s0,)s0, + (-((co,cH,cH, —sb,s0,)cl, —cH,s0,s0,)
sf, +(-cH,cl,s0, —sb,ch,)cH,)ca,

r, =-((cé,co,c60,-s6,s6,)cd, —cH,s6,s6,)cd, + (-co,co,
sf,—-s6,cl,)s0,)sb, + (-(co,co,c0, —sb,s0,)s6, —cH,s0,
co,)cd,

r, = (((sé,cb,cl,-cH,sb,)cd, —s6.560,50,)cO, + (-s6,cH0,50, +
co,co,)sb.)co, + (—-(s@cb,cl,-cHsb,)s6, —s0,s6,c0,)s6,)cH,
+ (-((sf,cl,c0,+cHsb,)cH, —s60,560,50,)s0, + (-s6,c0,50, +
co,co,)co,)so,

r, =—-((((so#,c6,c0,+cH,;s0,)cld, —sb,s6,s0,)cH, +
(-s8,c0,s6,+cH,cl,)sb.)cH, + (—(s@d,cH,cO, +cH,;s6,)
sg, —s@,s6,c0,)s0,)s0, + (-((sg,c0,c6, +cH,;s0,)

cd, —sb,s60,s6,)s0, + (-sb,cHd,s0,+cH,cH,)ch,)cd,

r, =-((so8,c0,c6,+cod,;sb,)cd, —sb,s0,s6,)co, +
(-sé#,c0,s60,—-cH,cH,)s0,)s0, + (- (sb,cH,cH,+ccH,s0,)
sgd, —s@,s6,c0,)cH,
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r, = (((s8,cH,cH, +cb,s6,)co, —s6,56,56,)co, + (-s0,cH,50,
+cd,c6,)s6;,)co, +(—(sb,c0,cH, +cb,s0,)s6, —s0,s0,cH,)s0,

r, =—(((sb,c6,cH, +cb,56,)cH, —sb6,50,56,)cH, + (—s6,cH,506,
+c6,c6,)s6,)s6, + (—(s0,c0,cH, +cH,56,)s6, —s0,56,c6,)co,

r, =—-((s@,c0,c0, +cH,s0,)cHd, —s0,50,50,)s0, + (-
sg,cH,s0, +cH,cH,)co,

P, =[{{(cfch,co;, -sbsb;)cl, —cosb,s0,}cO + (—co,
cH,s6; —sb,c,)sb:}co, +{-(co,cH,cO;, —s6,56,)s6, —
co,sd,c0,}s6,]a,co, +[-{(co,ch,cl, —sOsb;)cH, —co,
sd,s0,}s0. + (-cH,cH,50, —sb,c6,)co.]a,co, +[{(co,chH,
cl,—sbsb;)cd, —cHsb,s0,}s0; — (—co,ch,s0, —sb,co;)
cé;]d, + (co,c0,c0,-s6,s6;)a,co, —co,s6,a,s0, -

sf,a,cl; +s6,d, +a,co,

P, =[{{(s0,c0,c0, +cO;s6;)cO, —s0,56,50,}c 5 +(-SO,cH,50; +
cecey)sbycd, +{-(s6,c6,c6, +ch,56,)s6, —s6,56,c6,}56;]
a,cé, +[{(séco,co, +c6sb,)co, —s6,56,50,}56, +(—s6,cH,56,
+coco;)cl]a,co, +[{(s6,co,co, +cb,s6;)c, —s6,56,56,}s6;
—(-s6,c6,s6, +c,co;)co]d,s +(sécb,co, +cb,sb,)a,co, —
sg,s6,a,s0, +cbad,co, —cod, +a,56,
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P, =[{(s@,co,c6, +cb,56,)cH, —s6,50,50,}cO, +(-s0,c0;50,
+c6,c6,)s6,]a,co, +{-(sb,c6,cH, +cb,s6,)s6. —s0,560,cO. }
a,co, +{(s0,co,cl, +cb,50,)s6; +s6,s6,co.}d, +sb,c0,a,co,

+c6,a,50,

aeae 23 2wy gxue P gest 2o

(3.3.3)

arm y
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34 o)Z=nayzR el 7] 7et A

23 v 29 D-H #FEAES AA8] yehid Fig. 3.4 o 2t

Fig. 3.4 D-H coordinate for the leg

B o3 ol doji.

Jr

A FHE2S 2 (3.1.1) ¥} Table 3.3 9 W/iHFER

CO, 0 SO, aCo CH, 0 -SO, 0]
S6, 0 -C6, ase, se, 0 CO, 0
Ao 1 0 o =0 10
‘0 0 0 1 0 0 0 1]
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Co,
s,

Co,
S0,

Co,
S0,

0

s6,

o — O O

- 50,
co,

~ 36,
co,

—co,

o O O

o P O O

a,Cé, |
a,50,

1]

a,Co,
a,S0,

a,Co, |

a,So,
0
1

mel wEsd | & oom go] Fojdnk.

Tog = AAAAAAA, =

i
(BN

o
[

w
[ue

o

oSS
N N

w
N

o

Co,

oSS
w w

wﬂ
w

o

~s6,

— U 0 U

a.Co, |
a;So,

a,Co, |
a,So;

1

(3.4.1)

(3.4.2)

I, =((((cbch,ch, —sasb,)c, —cfs6,s6,)co, +(—(cbcb,co, —s6sé,)
s, —c6s6,c6,)s6,)co, + (—((cbco,cl, —sfsb,)co, —cdsb,s6,)s6, +
(—(clcb,ch,—s656,)s6, —casb,co,)c,)so,)ch, +(—cb,ch,s0, —s6,.c,)s6,
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hp = —((((CHlC@ZCQS - S915‘93)094 - C9130236)4)095 + (—(C(910492C93 - S915‘93)
s, —cdsa,co,)sa,.)c, + (—((caco,co, —sdsé,)cd, —cdsa,s6,)sd, + (—
(clcb,ch, —s8s6,)s0, —cds,co,)ch,)s6,)s6, + (—cb,c,s6, —sbcd,)co,

I, =—(((céch,co,—-sbs6,)co, —chs6,56,)co, + (—(cocb,co, —sbsb,)
s@, —c0,50,c6,)s6,)s6, + (—((cbch,co, —sbs0,)cl, —c6,56,50,)s6, + (-
(cécb,co,—sbs6,)s6, —cbsb,co,)co,)cd,)

I, =(((66,c6,co, +cbs6,)ch, —s6,56,56,)co, +(—(s6.co,co, +c6,s6,)s6, —
s6,56,c6,)s6,)co, +(—((sb,c,co, +chs6,)co, —s6586,56,)s6, + (—(s6,co,co,
+¢656,)s6, —s6,56,c0,)cd,)s6;)cl, +(—s6,c6,s6, +c,ch,)so,

I, =—(((s6cb.ch, +chsh,)cd, —sdsb,50,)co, + (—(sbcb,ch, +cosb,)
s6, —s6s6,c6,)s6,)cl, + (—((sbcb.ch, +chosb,)c, —s6s6,56,)s6, + (—
(sdcacd, +cbs6,)s6, —s6sb,c6,)ch.)sb;)so, +(—s6,co,s0, +coca,)co,

r, =—(((sécb,co, +chsb,)co, —s6,s6,56,)co, + (—(sbcb,co, +cosb,)
s6, —s6:56,c0,)s6,)s6, + (—((s6cb,ch, +c6sb,)ch, —s6s6,56,)s6; +
(—(sécb,ch, +cbs0,)s6, —sb6sb,co,)cd,)ch,

r, =(((sd,c6,co, +ch,50,)cH, + (-sb,cH,56, +cb,c0,)s6,)cH, +
(—(sb,c6,cl, +cH,50,)s6;, + (—sb,c0,s60, +cb,cH,)cH;)sb,)co, —
$0,50,s0,

r, =—(((sé,co,cH, +cb,s0,)co, + (-s6,c0,50, +cb,cH,)s6;)co,
+(—(s6,c0,cH, +c6,50,)s6, + (—s0,c0,50, +cH,c0,)cH,)s6,)sH,
—-s0,s0,c0,

37



r, =—((s6,c0,c0, +cb,s6,)cd, + (-s0,c0,50, +cH,cH,)s6,)s6, +
(—(s@,c0,c0, +cb,50,)s6; + (-s6,c0,50, +ch,ch,)cH;)co,

p, =[{{( co,cH,cO, —sb,;s0,)cH, —cH,;s6,56,}cl; +{-(cH,
cf,c0, —s0,;s0;)s6, —cH,;s0,c0,}s0:}cl, + {-{(co,co,
cl, -so,s0;)cd, —-co,s6,s6,}s6. + {—-(co,cH,c0, —sb,
s@;)s0, —cH,;s0,c0,}cH:.}s0,]a,cl, + (-cH,c0,50, —sb,
ch;)a,sb, +[{(co,cH,cH, —sb,s0,)cl, —cH;50,s60,}co,
+{-(cH,c0,c0, —s0,50,)s0, —cH,50,c0,}s0-1a,cls + [—
{(co,cH,c0, —sb;s0,)cd, —cH,50,s0,}s6; +{—-(cH,cH,cH,
-s0,50;)s60, —cH,;s0,c0,}cH:-las0, +{(cHd,cH,cO; —sO,
s@,)cd, —cH,s0,s0,}a.cl; +{-(co,co,c0, —s0,50,)s0,
-co,s6,c6,}a:s6, + (co,c6,c0, — s@,;s0;)a,cl, —cb,s0,

a,sfd, +co,cld,a,cl; —sb,a,s6, + s6,d, + a,co,

P, =[{{(s0,cO,c0, +cO,;50;)c0, —s0,50,50,}cO; +{-(s0,
cd,cl; +cH,;s6,)s6, —sb,5s0,c0,}s6:}cl, + {-{(so,cH,
cd, +cH,;s0;)cl, —s0,50,s0,}s6: +{—-(sf,cH,cH, + O,
s@,)sf, —sb,;s0,c0,}cH.}s0,]a,cH, + (-so,cH,s60, +co,
cl;)a,sd, +[{(so,cH,cl, +cH,;s0;)cl, —sb,50,50,}co,
+{-(s@,c0,c0, +cH,;s0;)s0, —sO,56,c0,}s0:]ascl, +[-
{(s6,c0,c0, +cH;50,)cH, —sb,50,50,}s0. +{-(s0,cH,cH,
+c60,80;)s0, —s0,s0,c0,}cH.la;s0, +{(sf,co,cH, +co,
s@,)cd, —sb,;s0,s0,}a.cO. +{-(sf,cH,cO, +cH,;s0,)s0,
-s#,s0,c0,}a.s0. +{sb,co,cl, +cH,;s0,)a,cl, —so,s0,

a,sd, +s6,cl,a,cl, +ch,a,s0, —co,d, + a,so,
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P, =[{(sé,céd,co, +cbd,sd,)cld. + (-s6,cH;50, +cb,cl,)
sf:;}3cls +{-(s@,c0,c0, +cH,s0,)s0, + (-sO,c0,50, +
cé,cl,)cld;}sb,la,c0, —sd,s0,a,s6, +{(sf,cH,co, +
cf,sf,)cld; + (-sb,cl;s68, +cl,cl,)sf;}ya.cl, +{-(sb,
cé,c0,+cH,s6,)s0, +(-sb,cH;s6, +cH,cH,)cH:.}a,sb,
+ (s@,c0,c0, +cl,s0,)a.cl; + (-sb,c0,50, +cd,cH,)a,

s, +s6,cl,a,cld, +cH,a,sf, + sf,a;cl,

aeee 22 ol g gy Bos gen 2o,

(3.4.3)
leg P y
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3.5 o|FHP=F | |G F2HA A&

N

4 (3.4.2) 9 BANA 2R B T o= /F AEAS 2R wuiche] et
Ao #AE el o ARSI WY, W BelANE vele s 2o W
A9 At #el FRFAAA Aol sFsaA ek,

4 23w D-H A BAWE #4500 59 4 5. 3 2o ek

7 leg — A7A6A5A4A3A2A1 (3.5.1)

23 wnignE v BHegAs 4 (350 3 43.2.2) o #AZ Ael@h

T7 IegT head (3.5.2)

d

B duie gy o] webA = 4 (3.5.D) ¥ 2(3.3.2) o #AE A

T7 IegTO arm (3.5.3)
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A 47 o|FRIY=R HH FF57] Y

o] FellM= 4d HArt A8d olSRPEZ] I A e ¥ w7 @A

stk 23 2 aesd] $5e A8F ASsh 2R AA FFS wE Ay

ol Pzl wHd A&3 44 FA Fx= 480 3-e] dol= A 3A
For AL, U de & ALY A4 ols Hom A gl old
44 =0 ddzs & ke A4
F3H

x oy
— Iy
’ !
Py 1
L Ps
P ¢1 ¢ .
d J; N A X,

Fig. 4.1 Four-bar link structure
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= UAbe] WRF d o #EZ ¢ o #AE vEd Zrh #dzte] dAE 4
(4.1.D)= yeplar, ghke] F-3el whe} gako] vh2A yehdt

¢ =180° — (@1 + @2 +@3) (4.1.1)

A Fig. 4.1 oA @3,d,lp,lp & AR FeiA= etk o] AW gER as
2 (4.1.2)0.2 F3 5 9tk

a=415+d? (4.1.2)

o] a1 = 2 (4.1.3)0.2 &3 o] 3 4 9}

N

1

@ =tan = (4.1.3)
d
cosine W& o]&3t] @S FF F UTh
a’ +I12 —2ljacosgy = Ig? (4.1.4)
2 2,12
15 —(@ +1%)
py = —cos 13 37 (4.1.5)
2|1a
o5 WAAS o]&ste] 44 HAo AZHE vE IAyEe HHEAS AlojsEA

T 7hsshA "ok
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Table 4.1 & Z 44 #H3A

W Ao

°f My d

Table 4.1 Length of the link

=

=

Aol A Fgadel |, 1, 1y

[e)

=

Part of the joint |, [mmn] [, [mm] I3 [mn]
Shoulder 116.55 57.87 77.0
Elbow 66.78 145.47 53.5
Wrist 59.71 131.17 66.0
Thigh 112.9 200.5 95.0
Knee 124.04 182.5 101
Ankle 96.1 186.52 92

Fig. 4.2 Four-bar link modeling for the shoulder joint
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Fig. 4.3 Four—bar link modeling for the elbow joint

Fig. 4.4 Four-bar link modeling for the wrist joint
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Fig. 4.5 Four-bar link modeling for the thigh joint

Fig. 4.6 Four—bar link modeling for the knee joint
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Fig. 4.7 Four—bar link modeling for the ankle joint
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4244 93 729 B4 F37] FI}EZ A4

Sw3l7] ¢)8 Fig. 4.8~13 ¥ o] A glsltl. a8y BHE 49 3 B xpe}
7

j
DAY g FFoR YL olF A

11

o7} pAe WAED AHHE Fig. 4.8 3 o] w48t Atk of B
gal 92 e 2ea Sl ta S ) TR AA§]e
B gzl ols) B Kow 9r)7y mE el ta) FAwed A,
Aelgt o] 483710l o7 ek FF My mal=g WA,

Fig. 4.8 Torque analysis of the shoulder joint
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i

M,7h ZelE why o] ),

StES XS Fig. 4.10 3} #r}. o] R

AT o) ezt Fe FxE B
kol tiall G2lojal, BA FF Alowk Fo] gEhr|d &5 A o T
o] RHlE WA o] #Hr}

Fig. 4.10 Torque analysis of the wrist joint
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AANA g3 AE 2e) gl ool RaED A

Skl
FelEA |4 Fig. 4.11 ¥ Zoh Z1giA My 7t sl #d BaE
HHAy gle] ft

Fig. 4.12 Torque analysis of the knee joint
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W= pde] RelEa A4S Fig 413 7 2o 14 Mgol W $d wae
W o] ek,

Fig. 4.13 Torque analysis of the ankle joint

R TE A 44 P39 B Uale] dolet g, 7k Wald HEe B Ul F wake]
98 F o A77F WatA ok Fdea O tE maE el Aol ol
Wek B2 0 98 7 gre] wAgS ggst gel 7 5 gl

M4 L;4 CcOSE
F=—1"l 12 (4.2.1)
Ly1c0S6q
F, = M L2, COS O3 (4.2.2)
L21 (0 921
__Mals
3 = (4.2.3)
L3; cos f3;
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_ MLy COS Oy

Fq

4.2.4)
L4 COS G41 (
MiLsgo cos @
Fg = —2—2 = (4.2.5)
Lgq COS O51
M gLgy COS &
Fg = —0 62 62 (4.2.6)
Lgy CcOS Og1
4714, Mj & 24 uid oF st 2R zAse otk Mg 2 16.2kef,

M, = 13.3kgf, Mg 11.9kgf, My = 59.4kgf, Mg 65.8kef, Mg 69.6kgf

ofth A (427 7 WARo] gz Pob Aol e mE IS ANl

) T o s (4.2.7)
27 -n - A

Ti(Motorload

il

g AelA | = 2 WA BE g B el B8, AT Red 2E |
o™, 7} ¥ o] AlYS Table 4.2 o YERNRITH

Table 4.2 Constants of the load torque in each joint

Lead of ballscrew Efficiency of ballscrew Motor
Body name Reduction
Ib [mm] n (%] Max. continuous torque
Shoulder 2 mm 90% 1:4.3 181 Nmm
Elbow 1 mm 90% 1:4.38 94.8 Nmm
Wrist 1 mm 90% 1:1.75 94.8 Nmm
Thigh 4 mm 90% 1:4.3 181 Nmm
Knee 4 mm 90% 1:15 181 Nmm
Ankle 4 mm 90% 1:15 181 Nmm

ol




4344 H3 FZ9 #FE F57] A4 dolH

ol 5 7)o el FESEAES 4 (4.2.7)& HEste] ALtst
o] A& ANEHolH AE Fig. 4.14~4.19 o e AT

ol71M, dEzte] Blej= A W dolN FgAHE wRE A oo 4
[©) 7

Hog Azl Aolmm Z27|3E ofgf ¢} o] A AlEHolAS sttt
Shoulder joint
i
25 T # —_——
& o
.20 _ |
E % |
Eist o
=
g 10 | L
o = 1"
= L
& [
U L 1 ;
—B 0 i} 12 18 24 30
Joint angle(=) [ § L]
Fig. 4.14 Torque analysis of the shoulder joint
Elbaw joint
80 T
0t
— B0 | |
£ —
£ 50t
=
T 40 |
T30 |
Foont
0t
0
0 10 20 30 40 50 B0 70
Joint angle(®)

Fig. 4.15 Torque analysis of the elbow joint
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195
=18
1=
=125
=118

1

Wrist joint

105 . .
039 7R

17 156 195
Joint angle(®)

PAT R B | P

a5

Fig. 4.16 Torque analysis of the wrist joint

TorquelHmm)

D 1 I

Thigh joint

-0 -4 1R

- -Th -t
Jaint anglad®)

6 92 4 4

30"

Fig. 4.17 Torque analysis of the thigh joint
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knee joint
1.
1|I| L :: I_ll
i} iy
Y 5 >
: =5
g ¥ Bk
Sl Y }‘ e
117
] 1 1 1 L 1 1 1 1 1 1 1 J ,':I
| = =
il L S AR 7 N S T F AN ' I T " N L B
& 55"
Joint angle(®)
Fig. 4.18 Torque analysis of the knee joint
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Fig. 5.2 Finite element model of the leg product
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Table 5.1 Material property

Young Poisson’s Density Yield
Modulus (GPa) Ratio (kg /m*®) | Strength(MPa)
Aluminum 70 0.346 2710 95
Stainless steel 200 0.266 7860 250
Carbon steel 200 0.291 7200 310

Table 5.2 Element type and number

Number of elements Number of nodes
Arm Product 297084 77178
Leg Product 355023 89388
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Table 5.3 Displacement and stress of the KUBIR-3 arm

Load(N) Stress(MPa) Displacement(mm)
0 8.78 0.308
10 15.1 0.537
20 21.5 0.767
30 27.8 0.996
40 34.2 1.23
50 40.5 1.46
60 16.8 1.68
70 53.2 1.91
80 59.5 2.14
90 65.9 2.37

100 72.2 2.6
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Fig. 5.4 FEM stress result of the KUBIR-3 arm
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Table 5.4 Displacement and stress of the KUBIR-3 leg

Load(N) Stress(MPa) Displacement(mm)

0 2806 0.033

100 5.05 0.124

200 8.61 0.214

300 Lo 0.305

400 15.7 0.396

500 19.3 0.487

600 22.9 0.577

700 26.5 0.668
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Displacement of the KLURBIF-3 leg
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Fig. 6.2 The KUBIR-3 cases
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Table 6.1 & v} Fekag 91 Aoz F3& vdehln ek 194 =
29 Ak BAIl ARuE AAS Betag delE FYoR Al 97
o ! o)

Aeol=E Adsds W 1/3 4=

Table 6.1 Material weight of the robot cases

Aluminum case Weight(kgf) Plastic case Weight(kgf)
Head 1.7 0.63
Body 6.9 2.6
Shoulder 3.6 1.3
Elbow 2.6 0.96
Wrist 2.0 0.74
Thigh 9.2 3.4
Knee 6.4 2.37
Ankle 2.4 0.89
Total 34.8 12.89
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