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Figl.3 Vertical articulated manipulator]
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Fig2.3 Stress analysis result for different link length ratios

Table2.1 Comparison of maximum bending stress and maximum displacement

LyiL, Maximum Maximum
bending stress[MPa] displacement[mm]|
1:3 1.1501 6.683
1:2 0.6531 5.434
1:1 0.3189 3.187
2:1 0.8072 4.888
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Fig2.4 Model diagram in inverse kinematics



F9 n=1 DFHIZHOWTEZD. OF, OE;, OEIFLITF L7225,

OF, =(0,0,-1) (2.3.1)
OE;=(x,y,z—71) (2.3.2)
OE, = (x,0,z—7) (2.3.3)

24 XV RBECH S TZEA =MAEN 3 255D TUTORNGLND.

|Evh| = VIEJ 12 — |ELE % = 12 — 2 (2.3.4)
Uiz — Flz)z + Ux — le)z =1? (2.3.5)
Urz = Er)’ + (ix — Ep)* = 12— y? (2.3.6)

2(2.3.5) £ H(2.3.6)1CKQ23. D HRQRIINDEEAA LT TFOXNE LS.

Uiz = (1) + )1, = 12 (2.3.7)
U= Gz=1)" + U =02 = 12— y? (2.3.8)

Jiz Tl SOWTIRS &

_ (r-ab—c)
Jio = 2 (23.9)
Jix = a+ by, (2.3.10)
=77
a :i{x2+y2 + z2 — 2zr} (2.3.11)
b=1(-2 (2.3.12)
c=—(a—-1r)?+12(b%+1) (2.3.13)

THY, RODANAEOUILLT L 25,

6, = tan~! (—2=-) (2.3.14)

—1r=J1z

ENENOELIIH N EN[x y z] SBEH TH D L X —BIZEEHDTH b —EITRDLND.
n=2,3 2OV TIX, PATFORXD L 51 X EJE VI 120 FE, -120 ERHIETEZD.

y, =ycos120 —zsin 120 (2.3.15)
Z, =ycos120 + zsin 120 (2.3.16)
y3 = y cos(—120) — zsin(—120) (2.3.17)
y3 = y cos(—120) + zsin(—120) (2.3.18)

TNENIRZ TEEE L TRBROFFEZAT O 2 LT, 0;03ROHND.
XY, HOL#Ex y 21205 A0, 6, 0512 FH T 7.
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Fig2.5 Model diagram in forward kinematics

25 MBUTOXNBR/LND.

*7=,

|0F| = |0F;| = |0F3] = /1] = U2/2l = Usfsl =7 (2.3.19)
FiJ1 = (Isin6;,0,—1lcos6,) (2.3.20)
F,J, = (Isin@,,— lcos 8, cos 30 [ cos B, sin 30) (2.3.21)
F3J3 = (Isin 03,1l cos B85 cos 30 ,IcosB; sin 30) (2.3.22)

0J, = OF, + EJytuJn TH DD TOLIIE ], S LD TOLITFNENLUT R D,

0fi = (x1,y,,21) = (Isin6y,0,—lcos Oy) (2.3.23)
0J, = (xz,yz, z3) = (IsinB,, — lcos B, cos 30 I cos 6, sin 30) (2.3.24)
0f3 = (x3,¥5,23) = (Isin 63,1 cos B3 cos 30 , lcoshs sin 30) (2.3.25)

KON IRLE I, 2 b E T2 BRID 3 SOHRNREZD L HTHD. 3 SOERDHRAITLLT
L5,

(x—x)2+y2+(z—2)* =17 (2.3.26)
(x—x)2+(y—v)2+(z—2)* =12 (2.3.27)
(x—x3)2+(y—y3)2+(z—23)* =12 (2.3.28)

wy =x.2 + 3,2+ 2,28 LT, #(23.26), X(2327) , KQI32W)NZHOWTHNL S EDH LLIF &R D,

Wi—w»

(1 = 22)x = yoy + (21 — 25)z = =5 (2.3.29)
(Gt = x3)x = Y3y + (7 — 23)z = =22 (2.3.30)
(2 = x3)x + (2 = y3)y + (2, — 23)z = 22 (2.3.31)



LT

y=a;x+b; (2.3.32)
Z=ayx +b, (2.3.33)
=77 L
a; = 2 {0 = x1)(23 — z1) — (3 = %) (2, — 1)} (2.3.34)
by = — 52 (W~ wi) (23 = 1) = (w3 —w1) (2, ~ 1)} (23.35)
a; = %{(xz —x1)y3 — (x3 — x1)y2} (2.3.36)
b, = i{(wz —wyys — (w3 —wy)y,} (2.3.37)
d = (z; — 21)y3 — (23 — z1)y> (2.3.38)

7(2.3.32), (2.3.33)2 3 (2.3.26)ICfRA LT
(a12 + azz + 1)x2 + 2{a1b1 + az(bz - Zl) - x1}x + {blz + (bz - Zl)z + x12 - l2} =0 (2339)

flEICT 272D BE TN TR TO L S I12E<

A=a?+a?+1 (2.3.40)
B = 2{a1b1 + az(bz - Zl) - xl} (2341)
C= {blz + (bz - 21)2 + x12 - 12} (2342)

K233 2 R GFERAx2 +Bx+ C=0& 72 5D TxIZHOWTEL &

_ —B+VB2-4AC

- (2.3.43)

X

XD ZEBEZ TIEZERT L EUTERD.

x = —B+VBZ—4AC

> (2.3.44)

ZnaR(2.3.32), XQ233NMRAL Ty, zZROLND. TNENOEEIL 3 DO ATIAES,

DEMTHDHEEX—BICEEFHDOT, Wi —BEITRDOLNS.
PLEXY, ATAE6, 0, 05105 HILExy z| = HHH T 7=,
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3.2 fEFBEM

L CWAHEM A LI FIZRd. K321 DCE—4 DCX 35L 36V TH Y, K331 IFXFT7~v
K GPX37 A26:1, 34 X 2 —X% ENX 16 EASY, 35 1XEF—% N7 4 /N EPOS2 50/5 T
L. Flo, ENTA—FERIVIIRT.

Fig3.2 DC Motor Fig3.3 Gear Head

Fig3.4 Encoder Fig3.5 Motor Driver

Table3.1  Manipulator parts

Figure Name Model number Remark

Fig3.2  DC Motor DCX35L 36V~ Maximum RPM : 12300 rpm

Fig3.3  Gear Head GPX37 A26:1 Maximum Torque : 6.8 Nm

Fig3.4  Encoder ENX 16 EASY  Pulse Number : 1024 pulse

Fig3.5 Motor Driver EPOS 2 50/5 Position control and Angular velocity control

E—ZIIZOWTIUL FORMF A2 L O ICRE L.
D) RKEFE ML, FEICED AT DN BB I X o T 1kg OAMRDDND &
RE LTS AITMb 2 KO Mvy 456Nm L ETHD Z L.
i) mEfbE BT 720201 TO0END 90 FEE TORERN ATRE & 72 5 ¥ 7t & o 7= [EliAH
FEDN 150rpm LA ECTH D Z L.
i)y BAEOAEZRGTE 2=y a—2 030 i afgEe 2 &.

12



3.3 E—20%IHEEE
T — X OHIIFENE, PC ZHVWT MATLAB L E—% RS A4 DY TEEICL > T{THoT-.
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v

Encoder MATLAB
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Motor
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Fig3.6 Control system
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Figd.1 Experimental environment
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3 % ¢ 7' F ¥ Opti Track V120:Trio 27~ ¥, FHRICKF~—TZWMY 1T, g2 2 & Tl
3HHEDOET —# #RETE 5.

Fig4.2 Motion capture
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MATLAB % W\ T 3 DO ANAEZE 0 D 85 JEE TENENALSE, HAONEOFHE
YIalb—Iar L. ZE XY P& XZ FEISHT TR 43 1R, HRDHIPHORRMET
HV, x=300~500mm D&M Ty, zH ML AIBITETWD Z LR, ERTED T A
D E—= M TIZBARE O HL) S 400~600mm DO#EIPIIZ REFITHM LTS, TRV FEE
OAFT, B A ETT OBIEEICRE COERZEEL TWAe), ¥Ialb—arThHDLH
NI BT+ THDLERD.
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Figd.3 Workspace for simulation
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VIalb—va U CHELIVALE L R CEIES W 2 A 2 SDTT o7z, BRRICIE XY F
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DAEICERL, T—XICAN L., =Y a rd vy 7F 2L o TS LI RO EN %
431CER, TOMEEK 44 17T, HFRN T I 21— 3 L DR THRBENERIZ L -
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Figd.4 Comparison of simulation and experimental workspaces
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FERBRE A X 5.0 1T BUE L7 RSO FAEIZ RGB M E REHRARIS TE O A 7%
B3, Bl ©—~< OMIERZ 7 +— K3y 7 LR HxPRICH N, [Ef 200mm CfF
1T 25%ER%Z 3 @0 OFIIAIETITo72. RiE LIS, E—Yardy 7Ty 2 HOTFEED
MEFERETGT 5. 7 A TICK D EHGAEE, KHIE 7 EOFEMIZKEI AR TRk~ 5.

Fig5.1 Experimental environment with camera

52 E{gNIE
9% 1 A 7 Intel® RealSense™ Depth Camera d435i % [X| 5.2 |\Z/RT. {RES A T2 >, RGB

HATN 1 OEHESN TS, Fio, 5.1 ITEE, RGB ZNENDOHEEZR RBI.

Fig5.2 Depth and RGB cameral®]
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Table5.1  Camera Specifications

Depth RGB
view angle
] _ . 85.2X58X94 deg 69.4X42.5X77 deg
(Horizontal X Vertical X Diagonal)
Maximum Frame rate 90 fps 60 fps
Maximum Frame Resolution 1280 X720 1920 X 1080
Distance 0.1 ~ 10m —
Size 90 X25X25 mm

WREEH AT & RGB 7 AT TIXMA N R D728, WRED AT OHif% RGB H A 7242 TE
LT F7, BT 640X480 & LTIRRDZL—ALL— | 60 fps ZHED L )T LT

filE LT 640X480 THUfS L7- B —~  OREE G A X 5.3 |2 RGB Wif§ 4 X 5.4 (237, JEIE

EhOE X I 5.1 LREEETH Y, X 54 LXK 552BT DK OBRMNTERE 2210 & 25 X dil, KT
AR ES Y#l, SAE FRENZEThsd. WHLY, 202 20EBAHANTE -~ £TO
BT 5. 72720, AR CIXEGAEEZHHE T 5720 ANnERE o> Tnd.

Fig5.3 Depth image Fig5.4 RGB image

521 HbMEIERE

%] 5.4 ® RGB E#ZHWTLLTOFIETE —~ L OFOLEZ KD 5.
RGB ##§ % 7 L — R 7 — Ak

B LEVWEEZHWT 2 ik

Ty UNLDROEBY D5 L

A A=VEHNL, NEWAT V=7 b EHIR

® oo

BLDFNED DI T DR 2K 5.5 /2B 5.8 12787
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Fig5.5 (DGray scaling Fig5.6 (@Binarization

Fig5.7 (@Hole Fill Fig5.8 (@Reduce image size and

Remove small objects

AKX 5.6 25X 5.7 IZEBAENIFEE A ERBILRWA, RIZK 5.6 IZ81T 56—~ ORI
HNEASRH TR DS LEITY. ZORBELIY E—< 2 OFIMIED 2 RO 7 &
NEEZLND. 7 BAEITE ER00ITHY, 4 FH[640480]TH 5.

5.2.2 FERE#RH

53 OREEBRICE 7 EAEE Y TUIDTH AT L E—~ O L O FH T 5.
X g7 m, OF VD HMMARRITEOEREFRIZIE Z BEAMAE LY TEID LT TEISELOND. 2
ZAVCTY @, Z@SmoRlEE2sETS. DETRTMIEOE 7 vz (pyp,l, #ATT
WET o=~ ETO3HOMEEZ e, ¢y ] B<.

FT, YEINZOWTE R D, 5912 XY Wil LD AT & —< U DEPRDOA A—T %R
ER
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Sweet
pepper

Fig5.9 Positional image of the camera and sweet pepper in XY plane

X 5.9 (BT 2FMIN AT OEIf, Fifw, TEBROF LG E TORS, #FKXITE—vr
ARLTEY, £51 XVAEHMOBEHE 69.4 B L LTWD. wyld X 7 1a o F8 it Bk, &
AEFANVTUTORDO L ITRkdDEND.

wy = ¢y tan34.7 = 0.6924c, (5.2.1)
B ORLOE T EAHp,L 0 225 640 DFEIFTHL Z L 2BE LT, Y 5 o FE xR
T FOXTRDHND.

¢y = wy (3"2—YO - 1) =0.6924c, (% - ) (5.2.2)

WIZ, ZEHG IOV TERD. 51012 XZ Wi EDOH AT L E—~< U ONERBBRDA A —
DEAT. YHIOBRA LRERRICEZ, SEHMOBEMIL25FETHHIEND, kI oL
5.

h, = ¢, tan 21.25 = 0.3889c, (5.2.3)

Z TR O 7 B Kp, % 0 05 480 DHIFATH 5720, FX R, IZLLTFOXTRO b 5.
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Fig5.11 Block diagram for Position control
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u; = Kpxex + Kpze, (5.3.2)
U, = Kpxex + Kyye, — Kp.e, (5.3.3)
uz = Kpxex — Kpye, — Ky e, (5.34)
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Fig5.16 Block diagram for Routing control
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daf, dx

dt dt
as, | _ o |ay
—2f = J | (5.3.8)
a6 |  |dz
dt dt
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Fig5.16 Block diagram for Angular velocity control on Simulink
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Fig6.10 Comparison of Trajectories
Table6.1 Comparison Experimental results
Max speed  Convergence Error [mm]
[mm/s] Time [s] ey ey e,
Position control 2258.51 2.32 -4.946 3.372 0.268
Angular velocity control 1648.61 1.42 0.548 0.220 0.310
Routing control 678.74 3.65 0.801 -0.480 0.131
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Fig6.21 Experimental results Position vs Time of Combination for Position and Angular velocity control
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Fig6.22 Experimental results Trajectory of Combination for Position and Angular velocity control
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Fig6.23 Experimental results Speed vs Time of Combination for Position and Angular velocity control
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