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Fig. 1. A kinematic scheme of the 2-DOF parallel robot with counterweights
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Table 1. Parameters of examined 2-DOF parallel robot

e sy
mqg=mz = - N\NFY amz=m; = /Y- 5\ (kg) o>
L= 1 d= IS0y ds=1; di= -1V YY) (m) Job

A=-A; A=--1-¢

Ver=Vel dei= [N #q=r2 &= «N\NY\Ng F3=1] #1= <[+ O A
Il=Ld= -\ ds=1; /= +/---%

&= AN

(M) S o Jolio condye
(M) ¢ 5150 oadya
(kg.m?) w,ul les

(M/s?) adle ol

IS L, L USB2Dynamixel L, lwg  oKil;l
ol sl eslanul b paeslS s S o o ygeslS 4 RS485
sbaglesd mogial Jlghs sl8le 5 dasme ;5 o)l o (cmngiasli

ledoe JUojl ] 5l 0550

Lo Jlie ~¥-F
ooy ARl iluesky 5 8 sileans sl

9 E9r laiaadge el o aid)S Ll o Jle 9o cgolpiig
9o oLl

Example1: x,=0.1, y,=-0.3,
x, =0, y,=-022; ¢ =0.5s
Example 2: x,=-0.1, y,=-03,

x, =005, y, =-025; ¢, =0.75s

v

3 P ol syme Ce g g Camge o(gluaign aline J> L
ol..u.‘.‘ MTGA WJJ Jol.u 6L®=\4)5 OCCZ 9 acl ‘mcz ‘mc] ))blﬁ.a
Sla e agp polie alb oo aw (Ml Cliles slaojl
Wlosds S5Y Jsaz y o>lb

L oliT a2 )3 93 (s3lpe by (bl g g9, slacamdse Liules
pul £ SS9 0 IS8 o e o Voo ) Jle sl Joles sladiyg
S Ba Al ol ple g ) e ln 0pS e
S A aB ol ol 6 «iS  saae )3 e S 0
RE

J.iw)éUbJLuan "/ﬁg&é)éuw 6‘])P4.E_QJA_«~!.5 "9.‘0
liode o5 jshilan ool ol 43S isles 4 A S35

Yeyo

oaiid BB Jolss 4339 99 b (3131 4z 3 93 (sjlge by ¥ S
Fig. 2. The 2-DOF parallel robot with two adjustable
counterweights

G918 Ty axio ¥ JSCU
Fig. 3. Graded circular plate

59 0loz 9555k 5l adlies Tl O IS e s

by Sloygise gy 358 o0 03liinl Hgige yoldS (5 pSoslul sl

1 Robotis
2 PID



YEYY B YF R asaw ¥ - JL.u & 05.39 b)LoufS oY 0)93 u.i.:;&a (ewdigeo 4.1).‘3)

Jobss 4535 595k Jolss 39 0>

Jole dijg glacl f Tl
Fig. 4. Components of counterweight

Jbo 39 sl A1k sla o Al ol ¥ Jgu
Table 2. Optimal values of design variables for two examples

Y Jte Y Jo
-/f- %4 - IVAEY me; (Kg)
SI¥PAY - [FYA¥ me> (kg) & ol )y
Y/EAE- fle0+A a.; (rad) )
YIVEYD YIYYYY a; (rad)
—e[OVY .1-v$] lilee
-/ VA® -+ Y¥q X oy O
—-/Ya-y —+IYAYD lilee od,
— Y- —IYFYA Y cu> polio
S[AYA Y. il (m) lw
S ars - YEF X cqs U
—- YV —-IYF1R lilee sy
EARAAS —+[YAY - Y cus
0.08 . 0.08
lc1,-® ‘\-\
0 A1 —_-—-_‘____‘ A2 0
__-0.08 _.-0.08
E E
” 016 ” 016
-0.24 005006, 0.24| reeze
(.01 - Xp=(0.1,-0.3) VA
0325 _‘(\):p = 0.;) 01 02 %2 01 op ( ()).1 0.2
X (m) X (m)
Y Jlis o ol ol 5 g9 bS5 JSS ) Jle o @l ol s £ bSO JS
Fig. 6. Start and end points of the robot in example 2 Fig. 5. Start and end points of the robot in example 1

50 Solye Dby SaSn 5 88, Gla e Gl Wsbior anulxe Gl 4V S0 51 S o bl ciF 5 28, e e
o 9o gl d, g A, Jolie slaysly slocasdge (golil ax o WS g by (6l s (gl o 0 45 jakailen el ool jo
...\3‘0..\.@1)\) w.’l.o..b L V'Y Ji..u 9 AR Jg..q B ‘sblim.al.n)] 9 6)53.3 ..\mla‘sn).a..o uLllJ 9 &).w tsLQw.aé}o 9O ey
s 5255 b ()55 @l wanlei oo caalin &5 jshailen lugly Coadse (AELLGT 5 6,08 @l amlie Cuz

yenm



YEYY U YY¥eq dxio MY o le ¥ 0)49 o)l.ow: HY 0)9 ‘&u&n L5\.1._\‘\4(4) 4.:)“..;

PEalojls (65585 Sl 90 (610 S e Joolis slaysl; lacs oo
&S jshiles loads arilds oled 4 VF JSG 4 VY SE o
Cllas 2lale] prps slaizs S b )98 @l e
55l
98 50 0a,SS Jlie 98 lp solil ax 0 90 gilge Bl S e
0,5 ol V8 IS5 5 VD IS5 5o elKilsl 5 555 cllo

b ,oliid jlade (5,055 b 50 winles oo cdnlive 45 jghailen
il 2l S p g 08, Gla s Sln oleriny o) L
Oy b Syme Jolie j5ltS (alliolojl )y 50 Guizeen
5o dlaaly Sl aly p,8 a4 s e BB rels ol
B4l 04> OS] b.tbliwuj 5 555wl o YU sl ,loges
O el glcasld pac g SKlaol 4 azg L S| oyl
5ol gz g syl glacuald poe ayls 252
2 05 oo obml 2 55 e CasBse 5 (ol Gloe sk e
Jow s28ly polie lds (g5lwas )0 cadoslatwl sl ol )by adly
woaxg L) Bos wl polie ¥ o anib o oKl
oYl Sl gl s oo &l alize slacdl gl (YY) akal,
(V0) abuly 4 azgi bm s g1, M, slop > polie (St
Qb e p,S5lS < /OFYA o /VEOP NFYEe oy

Jlie sl Gan 2l yolie (b @l p3 58 > sy
oYl cdls gl anilige foAYY g /oY 0 Y g )
9 o[+ ¥A ciyn Voo ) Jle Gl Gas alb polie o Sl
0dlS s )0 A8/ F 5 a0 VAFO o 5 ail oo /0 oYY
by tal8 o1 @l cepw Gl L g wilise Jge by ol
\ JLA 6‘)5 Bu é—’l-’ )g.dubo ‘JOLG 6&&)'9 l.a s_JL») Lg‘ﬁ &5‘54
L».:).O.’ 9 .\J‘OM" Cawsdo < [OA - Ax) . 9 DARTA P! f g.,u..)).».a Y 9
Ban b aigs Slade 4y golgaiy g, oplply loans; oo 4
el 0ol als ws o 19/4Y

Sl Ban o polie S, gl o8 altlej] Sl sl
Lol @l aadbige f-AAY g <[-8YF 0 Voo ) Jls

ey

0.2 o
[— Forward
c
=.0.22
o
3
1.-0.24
(o]
2
T 026
o
s
© 028
s
2 03
o
<0.321 J
0 0.02 0.04 0.06 0.08 0.1
Position along the x-axis (m)
) Jlwo )y P abaili couxBgn ¥ ST
Fig. 7. Position of point P for example 1
0.24
Eo2s-
2
§-0.26-
>
g -0.27 |=— Forward
©
c-0.29
g
3 03
o
0.31- J
0.1 -0.075 -0.05 -0.025 0 0.025 0.05
Position along the x-axis (m)
Y Jlo gl g P abaits caxdgo A JSCi
Fig. 8. Position of point P for example 2
0.3 ]
—_ [~ Forwar
2
E o2
2
x
T 01
kS
[
s 0
o AN
5 s
201 RN
z ~
8-02 RSO
= T
0.3/ J
0.4 0.3 0.2 0.1 0 0.1 0.2 03 0.4
Velocity along the x-axis (m/s)
) Jbo )y P abaili Cos s A JSCi0
Fig. 9. Velocity of point P for example 1
0.15
o
E o1
2
x
F 0.05
>
2 = Forward|
A
s T //
2005 e o
z T
8 -01 R, -
o
=
-0.15' J
0.4 0.3 0.2 0.1 0 0.1 0.2 03 0.4

Velocity along the x-axis (m/s)

Y Jleo Gl g P adaii e g I JSCi
Fig. 10. Velocity of point P for example 2

‘Lgolﬂ a0 90 (gilee by cliS g, slo e lp



YEYY U YYFeQ daw NFe e JL.: Al 0329 b)l.o.‘f) LY 0)9d

N
~
o

Angular position of joint A1 (deg)

Time (s)

[N
b

(Sl pwdige 4yl

Angular position of joint A2 (deg)

0.1

1 Jlio syt 5 o Jolie (slaysl sosisa N JSCi

0.2 0.3 0.4 0.5
Time (s)

Fig. 11. Angular positions of active joints for example 1

N
@
@

=)
Q
z
<
=
2,224 = ' Forward
G a1l — Forward (Exp.)|| ‘5 312 — Forward (Exp.)
P N D, Return €302 £ N Return
:g 218 == Return (Exp.) :g == Return (Exp.)
2 2 292
Q Q 2,
215 4 e,
& e & 282 ""-.\\
3212k - == - el L T TR %272 [t Z |
< <
209! . 262! |
0.15 0.3 0.45 0.6 0.75 0 0.15 0.3 0.45 0.6 0.75
Time (s) Time (s)
¥ Jle sy o yo Juolio slassl; sbcasdgn Y JSii
Fig. 12. Angular positions of active joints for example 2
(Exp.: Experimental)
—~ 5 —_ 1r m
Q) = ' Forward 0 — * Forward
S 4 — Forward (Exp.) K] -~ — Forward (Exp.)
=3 = = Return
prd Return (Exp.) ‘q‘:‘ 05- == Return (Exp.)
z? z
51 S,
5 0= 5 0
2 2
51 S
o o
g2 S 0s
53 5 .
-4 =y TN
(=4 (=4
<5l J < 4 J
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)

VUL (ol & o Juolio slasgly slace pw VY JSCo

Fig. 13. Angular velocities of active joints for example 1

N
al

0.8

04

0.8

Angular velocity of joint A1 (rad/s)
o

0 0.15 0.3

Time (s)

0.45 0.6 0.75

= + Forward 3r

l— Forward (Exp.)
=+ Return
== Return (Exp.)

Angular velocity of joint A2 (rad/s)

Y Jlo ol p S yxo Juolio slasgly v pw NF JSCS

= + Forward
l— Forward (Exp.)
----- Return

== Return (Exp.)

0.75

Fig. 14. Angular velocities of active joints for example 2

YA



YEYY U YY¥eq dxio MY o le ¥ b).as o)l.ow: HY 0)9 ‘&u&n L;w._\‘\.@(a 4.')“..;

Torque (N.m)

0 0.1 0.2 0.3 0.4
Time (s)

- TF-F

-= TF-R

— TF-F (Exp.)

—- TF-R (Exp.)

- RCs-F

—+ RCs-R
RCs-F (Exp.)

-+ RCs-R (Exp.)

Fe- TF-F
£ 02 = TF-R
= — TF-F (Exp.)
< —- TF-R (Exp.)
g 01 - RCs-F
=3 ~— RCs-R
2 o4ee T -~ s |+ RCsF (Exp.)
=*= RCs-R (Exp.)|
B ‘\//W
-0.2
0 0.1 0.2 0.3 0.4 0.5

Time (s)

Fig. 15. Applied torques to joints A1 (left) and A2 (right) of the robot in example 1

0.1

Torque (N.m)

o= TF-F

|-a= TF-R

— TF-F (Exp.)

== TF-R (Exp.)

== RCs-F

~~ RCs-R
RCs-F (Exp.)

=+ RCs-R (Exp.)

0 0.15 0.3
Time (s)

0.45 0.6

J
0.75

z
o
E
<3
S 0w WORRRRRGVRY s
-0.05
-0.1
0.15
-0.2 .
0.15 0.3 0.45 0.6 0.7
Time (s)

¥ Jle 4o &by (cawly) A, 5 () A, Joolio a5 Jlos! 5la yabeias 15 S
Fig. 16. Applied torques to joints A1 (left) and A2 (right) of the robot in example 2

(F. Forward, R. Return, Exp.. Experimental)

Sab @b Hlaie ¥ Jguo

Table 3. Value of objective function

Fe- TF-F

.- TF-R

== TF-F (Exp.)
== TF-R (Exp.)
== RCs-F

=+ RCs-R

== RCs-R (Exp..

RCs-F (Exp.)

)

5

((N.m)2.s) Sun &b

— — - U_)Lg) )L.L&L.w JL:A
N2 NS XN N2 595 ‘
_ (TF) &, ¢,8
oo PYE [+ EYA oo BTV 2l
-1+ $40 o[+ FAA -[-faY S8 Sl iVl |
Y EYxTY NAREA MR SIVAYYTY e
(RCs) (ool
RN e f. ofe VY 2&iole;] P
<[+ AYY [ AYY <[ AFY S s ‘
- (TF) &, p2
<[+ AAY <[+ AAY <[+ AAY 2l
ooy AR cfe e VY e Sl Yl Y
< IOA-Ax™Y - SIYPA-xTY SAYYASTY 95
RCS) 6°L€r““*" VORIV
oo sy oo e¥E AR walSles] ( o

33,5 oo oolitul By &8 > e (8L (6l A A5 0 5 )

Sl oy aseie (V) abail,y o &b ol [YY]

B=P(-1t)'+3Pt(1-t)’+3P¢*(1-0)+ Pt ; te[0,1], (¥¥)

bl P, 5P, cuizen aiil o (bl 5 £9,05 b P, 5P oS

AEARY

feebF iYoo) Jle sl Bas b polae (Jobss slaassg

Gap ml i goleiing sy el by ilodal Coy +/+ 5

ol 00l

(olerig b9y )l 9 ¥ s @ls (o p S Al o



VEVY B YF-R aio OF e Jlo oF o5 o)l OY 0,93 «Suilslo (puoigen &y 5

2329 o Ml 20U 95 61y (Nem)s) Gud 2l ol duuglio .F Jouo

Table 4. Comparison of objective function values for Spline and Bezier functions

(RCs) ooloriny G35y (Sl VL (TF) @l ¢ ol sl
Y BTy -1+ F20 of-£eY 2l 6
F o e ) Jlo
VVEAYSTY - -[-0Y- 18N 2y eb
NI NER Y o[ AYY o el 25
f e ¥ Jle
VYarExTy ofeFY oA »pab
0.1
B TF (The.)
Il TF (Exp.)
I RCs (The.)
0.08 I RCs (Exp.)
o 0.06
€
z
- 0.04 -
0.02
0 [

Example 1

Example 2

Gl gbedls ol Bun b polio NY S

Fig. 17. Values of the objective function for different modes
(The.: Theoretical, Exp.: Experimental)

o Soo 1l b giluaigy dlte S > conlall )l ) 0
o Jo sl ol plor (laainge By, bl oo Sioe (A
Slo ol (gilding o9y (Pl sla ki S9d oo oslitul
Sl s 5o Nsdoe Jalt 1) by (b sl yell g e
29,5 g0 oolitl (M Clile Sl e (A0
55 Sl ol Gileand (ooleiiny gy bl laled Gl
g e 4 (giladnd 0 a5 5550 (B9, el oo plomil e
Sade 4 Ol (Sl cwl 00,8 oy Cans Jro S Bas &l
CS o 3 LS n g L8y o O350 ln pslaS (oS
ol 5 6,95 i wnl Cuz (rizren o)1 5l a4 alais
adS e allalesl ol wiges G adadl)l by, bl
ool Sl olRtglel o ol ol el 5 o sl oah
@ arg Lol Jobs slaasy (b layiel b ol w88
5l eliawas Gl 5,5 030 )5 o e sdiichy ya5 i 5l adlog
S ) by sl jglisS az s BB 2alS () (ee s5luosly
Bas b jlade alBislel cll> o ames o plis ol wly o, 4

el ails ol ws 0 A g0

90 slply, Bas 2l polae ¥ Jgus il oo i v J S
&b wap oo &5 jehilen w0 Al 55 g Ml Sovse
Srdn Slagml dlie ;o oadaill Saige vio5 50 oMl
3590 o0 Camwds p i @l A G

Slp Ban b polie ¥ Jgor mll g S0 cu A1
ool 4Ll ol 4 VY S o aBisles] § 5,95 slacdl>
P2 b anlie jo ) olering b9y Coje s LS USS cnl
2 oo ol Ol il

S 35 4zl -0
)9L’;..i;f a>qi 8 J;.mlf §|ﬁ WA ogud SO callie Q.;J 59
ui’ﬁ) Q.ﬂ el 00l QLQ,........' Lg.bl)‘] 4> 50 9o 6}‘9‘ ul.’) LsL:bJ):;m
sl el )b aigy polie § digy jows i @ ahaii &S > (ol
bk sl el sl Cey plojen g | 2y (b
o5 oS il g Job (s e gl 5 5 ol b
onlpl 9ls medas bl oadichy 5 iy 3l aais 4y alals e

yeye.



YEYY U YY¥eq dxio MY o le ¥ b).as o)l.ow: HY 0)9 ‘&u&n L;w._\‘\.@(a 4.')“..;

serial and parallel manipulators, Robotics and Computer-
Integrated Manufacturing, 48 (2017) 219-232.

[10] H. Misaghi, A. Mahmoudi, M.T. Masouleh, Dynamic
analysis of a planar parallel robot with the purpose
of obtaining optimal inertial parameters for energy
consumption, in: 2017 IEEE 4th International Conference
on Knowledge-Based Engineering and Innovation (KBEI),
IEEE, 2017, pp. 0931-0936.

[11] S. Gong, R. Algasemi, R. Dubey, Gradient Optimization
of Inverse Dynamics for Robotic Manipulator Motion
Planning Using Combined Optimal Control, in: ASME
2017 International Mechanical Engineering Congress and
Exposition, American Society of Mechanical Engineers,
2017, pp. VO4BT05A017-V004BT005A017.

[12] MLR. Vezvari, A. Nikoobin, Optimal Balancing of Spatial
Suspended Cable Robot in Point-to-Point Motion using
Indirect Approach, International Journal of Advanced
Design & Manufacturing Technology, 10(3) (2017).

[13] U. Nusbaum, M.W. Cohen, Y. Halevi, Minimum Energy
Control of Redundant Systems Using Evolutionary
Bi-Level Optimization, in: ASME 2018 International
Mechanical Engineering Congress and Exposition,
American Society of Mechanical Engineers, 2018, pp.
V04AT06A038-V004AT006A038.

[14] Y. Zhang, V. Arakelian, J.-P. Le Baron, Linkage Design for
Gravity Balancing by Means of Non-zero Length Springs,
in: ROMANSY 22-Robot Design, Dynamics and Control,
Springer, 2019, pp. 163-170.

[15] J. Woolfrey, W. Lu, D. Liu, A Control Method for Joint
Torque Minimization of Redundant Manipulators
Handling Large External Forces, Journal of Intelligent &
Robotic Systems, (2019) 1-14.

[16] V. Gupta, S.K. Saha, H. Chaudhary, Optimum Design
of Serial Robots, Journal of Mechanical Design, 141(8)
(2019) 082303.

[17] P. Boscariol, D. Richiedei, Energy-efficient design
of multipoint trajectories for Cartesian robots, The
International Journal of Advanced Manufacturing
Technology, (2019) 1-18.

[18] A. Martini, M. Troncossi, A. Rivola, Algorithm for

yevy

‘_géta.‘ié‘ 9 KVe-9 sYL} )|)SS L> ‘_ngg;S)} «5‘)—.’ 0.\343‘)‘ ui’ﬁ)

@labaMe BB sl oS e 5Ls 0550 55litS ey jSTe 5 0l oo

5o I) Ql.g) GLEJ)?LA c)‘bj] u».:bLf W o Q-.’.‘ JJL’GA u...:aLf
B,18 olyen a4 Alhb i

&zl

[1] J.P. Merlet, Parallel robots, Springer Science & Business
Media, 2006.

[2] T. Huang, Z. Li, M. Li, D.G. Chetwynd, C.M. Gosselin,
Conceptual design and dimensional synthesis of a novel
2-DOF translational parallel robot for pick-and-place
operations, Journal of Mechanical Design, 126(3) (2004)
449-455.

[3] T. Huang, S. Liu, J. Mei, D.G. Chetwynd, Optimal design
of a 2-DOF pick-and-place parallel robot using dynamic
performance indices and angular constraints, Mechanism
and Machine Theory, 70 (2013) 246-253.

[4] N.D. Sang, D. Matsuura, Y. Sugahara, Y. Takeda, Kinematic
Design of Five-Bar Parallel Robot by Kinematically
Defined Performance Index for Energy Consumption, in:
European Conference on Mechanism Science, Springer,
2018, pp. 239-247.

[5] U. Dincer, M. Cevik, Improved trajectory planning of an
industrial parallel mechanism by a composite polynomial
consisting of Bezier curves and cubic polynomials,
Mechanism and Machine Theory, 132 (2019) 248-263.

[6] G. Quaglia, Z. Yin, Static balancing of planar articulated
robots, Frontiers of Mechanical Engineering, 10(4) (2015)
326-343.

[7] L.-P. Luo, C. Yuan, R.-J. Yan, Q. Yuan, J. Wu, K.-S. Shin,
C.-S. Han, Trajectory planning for energy minimization
of industry robotic manipulators using the Lagrange
interpolation method, International Journal of Precision
Engineering and Manufacturing, 16(5) (2015) 911-917.

[8] A. Nikoobin, M. Moradi, Optimal balancing of the robotic
manipulators, in: Dynamic Balancing of Mechanisms and
Synthesizing of Parallel Robots, Springer, 2016, pp. 337-
363.

[9] S. Kucuk, Optimal trajectory generation algorithm for



VEYY B YFQ dsio O Jlo oF ofg o)lad OF 053 «Silslo suvine 4y 3

application, Wiley New York, 1981. the static balancing of serial and parallel mechanisms
[21] M.R. Vezvari, A. Ghoddosian, A. Nikoobin, Numbers combining counterweights and springs: Generation,
Cup Optimization: A new method for optimization assessment and ranking of effective design variants,
problems, Structural Engineering and Mechanics, 66(4) Mechanism and Machine Theory, 137 (2019) 336-354.
(2018) 465-476. [19] G. Alici, B. Shirinzadeh, Optimum dynamic balancing of
[22] Z. Xu, S. Wei, N. Wang, X. Zhang, Trajectory planning planar parallel manipulators based on sensitivity analysis,
with Bezier curve in Cartesian space for industrial gluing Mechanism and Machine Theory, 41(12) (2006) 1520-
robot, in: International Conference on Intelligent Robotics 1532.
and Applications, Springer, 2014, pp. 146-154. [20] J.H. Ferziger, Numerical methods for engineering

e gl Ao ol & dig8y
M. Riyahi Vezvari, A. Nikoobin, A. Ghoddosian, Torque minimization of 2-DOF parallel robot
using counterweights and trajectory planning, AmirKabir J. Mech. Eng., 53(Special Issue 4)
(2021) 2409-2422.

DOI: 10.22060/mej.2020.17378.6585

yevy



