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Analysis and Design of a Novel 4-DOF High-Speed Parallel
Robot

Astag

Han Sung Kim

(Abstract)

Delta parallel robots are now widely used for high-speed applications. However,
typical Delta robots, such as ABB Flexpicker suffer from rotating axis with passive
prismatic joint subjected to critical speed and so requiring careful maintenance. In
this paper, a novel 4-DOF high-speed parallel robot with four legs is presented,
which consists of three legs with 90 degree arrangement for translational motions and
one remaining leg with rack & pinion gears for rotational motion. The inverse
kinematics, velocity, acceleration, statics, and inverse dynamics have been analyzed.
From the workspace analysis and inverse dynamics simulation for 0.43 sec cycle time,
the 4-axis parallel robot prototype with 12kg payload has been designed. In the
future research, computed torque control methods will be developed for the

prototype.
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Fig. 1 Two different actuator arrangements
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Fig. 2 Configuration of a 4-DOF parallel
robot

SRe-s Aofsks WAl e FsTIE
R-(5-9-P AIRKE olgslo] &r]olE ofgAlA dY
o] 7|05 3dsk= WAUSS AR of W

ol EHE| FAH F ;—q/ﬂio EO] &7} Ay
Hog vroug &Rl fAHEE A= 14
o S 2Tk

Fig. 2014 si4e] HOE fIote] ols&=H
S SBoE oA iA[SIITHAA HiX =

o|FZFol ofES ). 419 M7
%9 FAloll IAHFEA(O—2y2)9 olFZHEl
e FYRRES FAlol ol sFEA
(P—ww)E A3

Fig. 32 MA theje] wE Fix tholo]1H
= UEhdth o] HERRe 7]9HeH WSl q
9} b 11 3 olsEHES WS UEAL,

i

Jut

AM+ MB= OP+ PB— OA;, for i=1,2,3,4

(D

4 F Sl g, 334 20l 2t el
AGIAA, ~ay2)S QSR 0 FL
HAE A AAHIEANY HRHY et 2

ch

luiu1z+12iiu2i:ip"'ibi_iai )
A7|A A8 A= E HWE T 2dE #R

AE vebdek 4 Qo] WEEe thew ol
veha 4 9)

by 565, C(eu +92i) Py
‘uy,; =10 ,i“m': by , P =Py,
6, 50, 5(91i +02i) b
b| a; cp; =540
1b1: 0 7la’i: 0 7ip:RTp,R: S¢1 C¢i 0
0 0 0 0 1
3)
017‘[}\:[ d)l :77'/25 ¢2 =T, ¢3 :_7/27 ¢4 =0 O]q—
(Fig. 330, o i=49 0, ‘b, =1r,6.,0, —h,]"0]

= Y 71ole] BEEE b 4R Tl &
ZRIE FAolA] P7IAIC] QIAke: HFME}

A AR, 47|98 AL olFZ;ES A
pot 4% 0.7} FoIHE o, %L%OJ 7T 9,
(i=1,2,3,4) 5 o= Aotk @
TRRIE Z%(0,;, 0,)= Tt 2
c}.

I-ru
411
>

;9 4

— 2 _
0, =cos ‘=, Oy =cos 'k 4)

2i
A71A k= (bi‘ +bg1‘, ‘H)?;;: 71%7: 7l§i)/(2l11‘,12i5‘9371)a
b =cgp, +s ¢y T (b, _a’i) y by =—359p, +cop,,

by =p. oItk FEXIIE 7%= i &
c}.



by, = AtanQ(—gzibM + 910355 91:01; +92ib32’) 5)

01714 G = ly; Tlycly;505;, 927':[21:5927:3931',0]1—4"
5 AR ol5BARY AdsEL A (F
AlZtel Hfste] mlEske] i=1,2,33 i=4 o]

dlo] 212t b8t o] & 4 9ok
il.’ =1 (‘w 1i X'y 1i ) 1y (‘w 2i X'y 2i ) 1y, (‘w 3; X< y zz)

4p +[r 6.,0,007

g7z

=1y, (o )+, (g, 3 uy,)
Hlyy (w0 X Muy,)

©)

:(éu+éz7z)[0
0,,)]"olct.
25 “’m% AAsE] I8k

w
A (6)9] ¥Rl wg s FoHd

w,, =6,[0,-1,0]" Wy

’

7_170]T

’

Wy = 04[5 (0, +0,),0— (0, +

ZUZiRTI.) =l;'w ; (w < uy) for i=1,2,3

‘u 214 R Ip +u 214 [Tge;ﬁo’o}]' = l144‘1’ 114 (4'“' 14 X ‘u 24)

@)

Jox=J,0 or =Jz ®
021 ]/\1 -7; pgapyapza j 0 _[01179125613 014} y
jlx.jly.jlz 0
J=g g, g, = [t 0

j311' .7‘}1/.735 0
j4af j4yj4z j44

(a) Fixed frame and ith local frame (b) Moving frame

Fig. 4 Frame definitions

= C(QM +46,, ) 504,c0, — O350,
J“, C(au +0,, )803i8¢i +clhsc0;,
=s(0,, +92i)893i.,

]44 =r 30346(6’14 +924),

J, =1y diag (505,505, 8059505, 5035055, 505,504,).

P 280y +lchehcesfedz)/(l2i502i363i)
©))

"y



==y A19E Ad=

A AR s S
of wEroEA Thest 2ol FF 4 glrl.

Jz+J:t—JB+J9 OI‘9—

A71A z
LA A

=022 007, 6 =1611,615,0,5,6,]70]

| gt vjEo=

cheat ol 7 4 9lek
jlx ] 1y ] 1z 0
: J J J 0
L]m — 2¢ J 2y J 2z (1 1)
-7 3z -] 3y ] 3z 0
.]41.]41/]44]44
o]7]A],
j} =—s(0,;+ (921)(()’1;"- 0'27)99“(%1) +c(0,,+ (921)9;11’0;7(’0 + 9;196;,90
== 8 (01 02) (81,4 0,) 50580, + (B, + 0,) 0500556, — O3505,¢0,,
Jv = C(elz + 621)(0h+ 027>59 3t s (911 + 611)9;709 3t
Ju= 7‘g00:345(914+ 92.1>934 r 59345 <914 + 924)<914+ 924)~
Jq =ly;diag (qu’ jq2a jqu jq4) (12)
AZVA s = 050,505 + 04,50, (i1 =1,2,3,4)0]
k.

7ol YEl(principle of virtual works)E
olgsto] dl=eldES] it Fg7] EAS] A

ofst PAZ theat ol BEY 4 9tk

F=J'r (13)
047]}\‘1 F [fz’fy’ z’n }15 EO]@JIE%E)’] —61;1}:‘81

EHE YEa 7= (71, Tor 73 7 L
B Uehic,

3. S8t o

| |

S48}t SjAolA] 1, 2, 39A the]o] FA x|
]6]"’:1 47 the)o] EA = vz Zou
QAT ek 39 TF celol o

oo} WARRS Sl

Lagrangian 3 WA 4 theat gt

jns)

off HU

d oL oL
dt( ) _Q+z)\ forj—l
=1

0q;
(14)
o7, I A TEUS, ke TETS
N4, A= lagragian multiplier < Qulsl
3(generalized coordinates)®] %, @ = %A

Urts}l #ago
force)oltt. Uuis} 2

q9= [pw’py7pz’01179127013]T
AR o,

dgot= Lutel (generalized

(n=6, k=3)=

) N NV ARY
i —|— |- — @ forj=1,2,3
> (6%) 24, Q J

(15)

g3 9j2e vheick

d (8L oL & . oI,
=—|—|-—- —forj=4,5,6
“ dt(aqj) 9g; ;, 9 orJ
(16)
Q © 8§71 EAE Utk % S
ot 2t



QT D4 PP 2o A Y 44 211
I=MB"'-1 17 _1 22 2 LR ye:
i i 2 Ky = Emz(]% +p, +pz) + 5m2l101i

= (pz +bep; — acg; — llc¢i091i)2
+ (py +bs¢; = ase; _l13¢1‘,091i)2
+(Pz_11391i,)2 - l% for=1,2,3 047]*1 = Z:}Z—‘T‘H]O]J—-’- 1.

U= Up+i(Uli+U2i) (19)

i=1

of7]Al, U, =m,g.p., U; =mg.lsb,,
Uy, = myg, (pz +lh:5‘91i) ojct. 1A e

cheat 2.

L=K-U (20)
_1( )(-2+-2+-2)
—Eman?;m2 Dy T o, tp,
1,5, o\ 02 -2 -2
+ 5(7 I+ 4 Jrmll1)(911 + 61, +913)
- (mlllc + m2l1)gc(8011 + 50, +5913)
. — + 3
Fig. 514 my, my m e TEAD A2 (m, +3m;)g.
AR S-SARD % olFEHEY] AES Yehd
0 B kDo Eodd) sjae] AUEE 93 j=1,2,3° Hgte] 4 (15F <HsHd 4

SheAl HolE Belhale fEdh SRt m,  GUHET
Rk

3 .
7} dEga o] FASH= TS ARERtE 22)‘1 (p, + bep; — ace; — 1y,ch,chy;) = (mp +3m,) p, —fou
- i=1
ok 7)19e] EoyA|(Kinetic Energy)E the 3 .
7} 7o) 53k 2 o). 2§Ai (py +bsg, —asd; — 1,;54,c0,;) = (mp + 3m2)py —fuy

3 .
22)‘i (pz - Zliseli) = (mp + 3m2) (Pz - gc) ~ [ (21)

=1

K=KP+§J(KM+K2L-) (18
Al 2D& Aol disto] FolshH thaat 2t

1 222 -2
oA7|A, K,=—-m,(p, +p, +p.), ‘ ‘
2 ’ p, Thep, —ach, —lLiep fy,  p, +Hbepy —ach, —licpad,  p,+bopy —ach, —lcpcdy
p, Tbs¢, —asp, —lsp )y p, tbsdy, —asg, —l;sg,cly, p, Tbspy —asdy —l 5P,y

K, = %('\/2](1 +'[1)0%1 (% p. ~hs0y, p. ~hs, p.—hsty,

] ’

A
Ay
A

3

[1 = [lc + m]l?c)




212 orE4dEEEE =2 A19E Az
{my +3ma)p, o o717t He i, thed 22 Bold
2
(m, +3m )i, (22)  (singularityy& AISF7] 913t 6, W9, E2AE
2
{omy +3m)p. + g.) o] 2599 AR F3tol ekl
2
J=4,5,6°] tet] 4 (162 Ak of 00
w0 2ok A 229 A5 HiYshE 1Y & 00

2% theat Lol 7 4 9k

z-axis [mm]
P
S
]

@
S
s}

N
S
s}

= (’Yz]a + 4+ m2l%)é11 + (mlllc + mZZl)gccell
=20\ [(pzai)l +p,sé; +b— a)s@n *pZCHH}

=L +1 +m2lf)é12 + (myly, + moly)gcl, (23)
=20, [(g?xcqb2 +pys¢2 +b— a)36’12 —pZCOH]

T3 = (’YQIa + 4+ m2l%)é13 + (mlllc + m211)9(:c‘913
— 20,2, 1(p,coy +p,sp3+b— a)s0,,—p.ch5]

i
=]
=]

y-axis [mm] -400  -400 x-axis [mm]

Fig. 6 3D Workspace

w L2001 Y w L2 50 e
_m _
E . E .
4. w7 220 78 ) : :
-5 -4
% 9N 0 3 am e T
A ZA AF-E ko] Table 13 o] 245 e 2o450 mm
0 a0
220|781 A58 Al 7 =
E o E
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Parameters \ffT:Lrjne]S Mmoo m
Radius of the fixed base (a) for
=123 " 148.0 o o
Radius of the fixed base (as) 139.0 e a0
Radius of the moving platform () 65.0 E . E 4
Link1 length (4) for /=1,2,3 205.0 = =
Link2 length (4) for /=123 4742 B -
Link1 length of the 4" leg (44) 250.0 - -
Link2 length of the 4™ leg (ka) 4742 it oA s T
Offset of the 4™ leg (hs) 492
Pinion gear radius 9.0 qu 7 Workspace on the XY plane
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Table 2 Mass properties of the robot prototype
Parameters Values
Link1 mass (rm) 1,430g
Link2 mass (m) 220g
Moving platform mass
(m,) 250g
Link1 mass center (40 91.05mm
Link1 inertia (4) 245x10*kg-m?
Motor and gear inertia (y 312x(3.81+3.4)x10'4kg-
/a) m2

Table 3 Specifications of the selected servo motors &
gears (MSMA202STH(2kW) +
HPN-40A-31(Harmonic planetary gear 31:1)) for

the 3-axis arm
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