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Hexapod walking robots can be employed for both walking and manipulation purposes. When
manipulating, they have 6 degrees of freedom for top platform, high rigidity, high load capacity, high
speed, and accuracy. On the other hand, it is well known that they have limited workspace when they
are fixed in place for manipulation. Designing a hexapod robot resulting in a maximized workspace can
greatly affect the efficiency of the robot when manipulating. Since radially symmetric hexapod walking
robots can be modeled as three 2-RPR planar parallel mechanisms, we have used the methods and
calculations that are used in this kind of mechanism for designing a radially symmetric hexapod
walking robot. In this paper, after a thorough review on existing methods for calculating and improving
2-RPR planar parallel mechanism workspace, an algorithm is presented that results in a maximized
reachable workspace. The merit of the method is that there is no need to calculate the workspace
volume when maximizing it. Also, following this algorithm is necessary for design of the maximized-
workspace robot. In other words, the output of the presented optimization algorithm is a set of robot
kinematic parameters, which guarantees the maximized volume of the robot’s reachable workspace.
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reachable workspace
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Fig. 2 radially symmetric walking hexapod robot with 2D workspace
[13].

J13] s 59 )5 lid ol o a4y ela o lina ouig ol SbliKe by 2 S

B sk Sl Imay 5 oy JB b J8lao Iymin 358 alad, 5o
oals i p3ilsle (o Jobo yis ElB L glaly 51 S5 o (gl oyt
Sl o yimd 53 55 liad JSb Sl s il s (€ g 8) 1 JSio po o
ol B USE 0 @ g yd Shei il 5 2RPR (olye p5lSe oS
el 00l 03ls
a gly @l polie sl asS oo oanlin 3 S 0 &5 ghiles
B Es A 4 pepws e g lSelas (@1, @a=1a<1)
il S50 0,15 4 S (o 5 sliad UK el 105 e (A
@ el b cwl 6900 Lop)S (S 5o 3l Sl 9)5e el
L 5 Jsm sl 5 45 Bl LS ey 55 o0 59y BB F e
prlse ST Ll oS solial @ =15 @ < Toghs b o)l Jss
Oy 89y blas 4y oyt @ 5l Gl o aS 0 ol 58,5 ol
ot 55 05 solial @ > 1 (g ypi b o5 sliad UK 51 ol ee et
slacl, o0 alold yog paie 4 dxg b a5 Col Cuenl gl 5 @SS
ol B sl s U5 by ol ()5 sliad sla IS5 als” oS
ilises olie 1 alad, Gob b ols i 1) ol oy alols jsliaie oyl (ol

15 150 15
a. Z(cm) b. €:
100 X(cm) 100 100
50 50 50
0 - 0 : —
50 100 150 200 250 50 150 200 250 0 50 100 150 200 250
a=0.2 a=0.4 a=0.6
d s €. s
140
2
100) 100) 120
100
80
50 50 P
40
0 0 20
30 100 150 200 250 50 100 150 200 250
a=0.8
160 i
- 160, h. 1:
140
120
100
80
60
2
“60 80 100 120 140 160 180 200 220 240 U0 100 10 W 160 10 0 20 30 . 80 100 120 140 160 180 200 220 240
a=14 a=1.6 a=18

Fig. 3 Different shapes of reachable workspace for 2-RPR planar parallel mechanism

9 o louis 16 )93 1395 ,5T (o) Sle w iy

2-RPR lge p3lSe sl oy 39 5,5 sbad (95Ls5 slo Jsor 3 S

218



GILT Lala MBle (s34 Jaxo 9 )iy Jued

I GLAS pos3S Lo Slse »2 SUIER 0339 01y by Abb

[13] jo a5 (o6 g Ao ;o oois @8l w6 s (oS Ammliio (sl

ailen o)l Lt g 6,5 slad 6500 blis o 88l Jolgd ol a4l
el o a1 Jgaz 0 dslio gl 2,5 )5 eolinal 3,90 6 S5

winysS0 alie ol 50 oa al)) i 1S 89 o otnline oS jsluilan

ol o0y S5ega ) LS 5 s )

B 5 2930 5 ol ~3-4
slr o ) i o 5§ oLl 5 o2 )5S (omiacmo |
sshaie ool @l w0y oolitl ppilSle uyws 0 S slad (siluaige
P S slas mha o5 Wgh dlme 975 4 Wb Jpeme sloylly
sl s (Sl 05 e Sl 5,5 slad p Cale 50 5 oy
preile Sy s 30 g5 slad 0 aoly Wl 1-4 iz 55 0o &l
ool e 7 S 0 05h pes Sle o] e ol 1,8 a5 2-RPR (55l5e

Cl 00
Syg0 0,5 & g odgs zhb sage o g W sle) Sl 7 S (o
iy 4,250 Cm 5130 Cm jfude allie oyl 1o w0l (Swy b, 5l Ul
5 5 o Slesle sly 50 Pg Al ool sid Sl | g W gl
Gy ot sy day 5 Aoy US55 L SeaS 4 dorgs by a5 sl o
Ssd moySle GoALS el Cii> )0 45 Bun a0yl
2B @l Sl b Sl S5 UsS (sla gy eadlior )15 sLaS o
O oS gl Ban 2l Dbl X by o ad 00ptS glie
vyl gl o i 00t glive Ly e al Sl Y sl
o WS Jeols e o ol iy 9 285 18 eoliial 950
3,50 Bad &li obwl gl alflas & jso 4 Luly 99 12y maw Solas
Pa P3Py Py bl sl Ll Ly, 5l ooliccal b 1o,.S 15 aslic

T — 1
\\
d 1 \‘ "
\\
N\
\ ]
R\
\
7 \
) d, \ g
N R
\
\ B
\
\
//‘_’_ \\\\ 7
= = d 3 . "
P4=P7 [ ! ! 1 !
60 9 100

70 80
X(cm)

Fig. 6 Points and distances that used for numerical comparison

639 dunlie (gl on oolazl Lol 5 blis 6 Y

w5l 50 sl (goae polie 1 Jguo
Table 1 Numerical data for both algorithms

Pay = P7y Poy ds d, d;
- <
0 61.52 433 4334 30286 ™
g
. <l
0 59.65 248 40 o147 "0
208

219

Jolas Gaa @l )] 3 o8 WS Sl g5k |, ol ok sl
por Sl 4 joie ol PBlas cpl cdoe 2 a4 azgi b ail Jade
L pge  bgph &5 Sl S5 4 pY 0gd 0 )5 sl
iy Jie Jo plKim g lanl o e gleie & g oo iy e
ot 3 (K el o ools lai 4 K& o o5 [13] o ens
c e Sl S slad JSL 4 bgyre s9h iy el il oS
&b e a5 wS e Sl ) bbbyl slassass OT 58!
Jn S 3y5e byt ma 9wl (See Jadie Sl ] 0 Gus

b

398 (o oo -2-4
kS g o ead Jo Sl ol oad ) i o8Il S o) sl
oolitl il ss 55 slad 3l Lol 5 (055 LA se ol Gus &5 [13]
Ol o oads &) @ oSl (g B Sl 4 Az i b g jslaie (pl sl 0
) 0 ot Shon (5SS o ot $SLe 4 e Al
oekiss g y5b L5 1S et ail) Jlie b ks g 1-4 Lisky o e
@)l g5 slad pdaws oy Slorgiler 1) 5 slad (a5 090
09 b bl b oo w13 oS 29,5 anlie S cpl 5l Bon ams
il 63 o0l i 4 S o azy] anle ol s Sl Cules o
5| Glegaze 58] Cawas dige (b 5l Baa Jle ol 0 el sy
S Gsba spd 5 b dipin dnay Jold Jsezme (Silois slo el

l e 5, 6lad e I 5 dp i Jolsd 955 maries b
sl 0028 pgai ]y (b g (LS Bg) (7S amlie 5 S

1
Po
d
P1 .
Sw d,
N P2t
d
pail 93
P+ P7
X(cm)

Fig. 4 Workspace of a 2-RPR mechanism constrained within a desired
rectangular region

eais 256 J51s 55 o0t game 2-RPR (s3l0 p5ilSe (5, sl 4 S8

Previousalgorithm -----

Newalgorithm ——

10 20 30 40 50 60 70 80 90 100
X(cm)
Fig. 5 Comparison between previous and new algorithm

S0z 02 555) 5 ey 02595 (e Anlie 5 SO0

9o plat 16 0551395 13T . pure bl \WALs



LT Ala GlBle (§34e axo 9 i) Juen

I SLAS 00935 Lo Slise y2 SL1HSR 0 g0l by Gabb

Gty ¢lp Bas b wleads eols las T S o o5 wil e
U Caled o 85 Selie e 5 Djgo @ Guied o 6,5 slad
ol oas sols las (21) ablay jo ol o

wil= d1x2 + d2x2 + d3x2 + d4x2

+ dez + dsxz (14)
W2 =dy,? +d,,* +dy,? +dy,°
+ dSy2 + dsyz (15)
W= Wwi+w2 (16)
_aw 17
s almin
ow
= 18
€2 FTA (18)
ow
ez = W (19)
ow
ey = E (20)

— 2 2 2 2
e= [e?+eZ+e?+e? (21)

Pyl 5l LA 3550 0,018 4 azgs b aD o)Ll Sy a5 pshailen

ol S sed wisF ol o bl ol gl sbesgame ol L
Loaces pp Al ol g [EYXYREN
J100.0 cm <d<130.0 cm 60.0 cm <!, < 100.0 cm

sbgdgame »ls .130.0 cm<h;<150.0 cm 4 0.0 cm<h<56.0 cm

NPT ST

(23) 5(22) Lulg, o Sgi o eans B3 locudgaze ululy a5 o3Y
ol 00l 00)51

d—b

lmax = 2 % cos(6,) @2
0, = tan‘i(%) ol pas
b=d—2x Iy, % cos(8,) (23)

0, = sin"L () Gl o

Sl b, &5 ail e ol ojl Sl 5 s By 5 D YL Ly, 5
diin = 60CM b el il w680 g mail ol a o) 4 0B
L .d=104cm 5b=60.918682cm . =151.53877cm
oy o s 33 (65 5L el (gl ooal Sy olad 5l ooliin
anlyd b e S elad ol s agl co ey 8 IS 50 sad ools ylis
s b it ) ol & ol ans ool olis 9 S s s3ledin
Sl 4 e Colgd 3 aS ol anls gl A e e o S slad
g en (S 55 sLas

10 Jss o (siluanoge wuld 50 )l ol Slnis
it o 6 S slib ol Lialiil ) S o5 e sas esls ol

150

-100 -50 0 50 100 150 200
X(cm)
Fig. 8 The maximized RW
o0l )..Sb» 6)lfébéé8 J&.‘b

9 o louis 16 )93 1395 ,5T (o) Sle w iy

“Po
1
1
1
i
—_ 1P7
= o
S -
K,’ w 1
1
1
1
-oPs P3 dy
vy Bl §
5
|
dsx T, | day dsy

X(cm)
Fig. 7 RW and optimization setup

Silotinge Slorlas 5 o ptas 5 )5 slad 7 S
Sy50 Bad ali dwlore ;0 oS Sgd o Jol> (18) b (2) Lails, Ps 5 Ps

258 o0 41,8 olatal
d+ 250 b
dix = ( 2 )_ (lmax N E)

x <(lmax +b)?+d* - lmaxz>

2% (Imax +b) xd %)
dyy
b
=130 (lmax +§)
f (lmax + b)z + dz - lmaxz
|
% sin( cos ( 2% (o + b) % d ) ®)
d+ 250 b
dox = ( 2 ) - (lmax + E)
x (lmax + b)z +d*— lminz
2% (Imax +b) xd (4)
dyy
b
=130 — (zmax +§)
- (lmax + b)z +d?— lminz
-1
x sin(cos ( EI(WEYOEY, ) ®)
d+ 250
3x = ( 2 ) - (lmax
+ ((d - lmax)z + b2 — lminz))
4 % (d - lmax) 2 (6)
b (d = lpayx)? + b% — Iy
(2 . 1 max min 7
sy (2) x sin(cos ( sx@d-L.oxb )
d+ 250
d4x = ( 2 ) - (lmin
+ ((d = lmin)? + b% — lminz))

4% (d = lyin) , (®)
b d = lpin)? + b? — Ly
o= Qs (5T )
min
_ d (d - lmax)z + bz - lmaxz
de_lmax_E_"( 4x(d—lmzax) ] ) )
b d—1 +b* -1
b= Qe (5T )y
max

d (d-1_)+b*—1_ 2
dsx = lmin_§+( 4m>1<n(d_l - )max ) (12)
min

b (d = lmin)® + b% = Lax”
—(Z - -1 min max 13
dey (2) x sin(cos ( axd-1.oxp )
Jdlgd i 50 wloads anmlns (13) b (2) Laly, ,o o5 dyy 5 diy

odd cpai oglhe el S5 sLAS 55y 0 pelae d92ge blE I

(10)

220



GILT Lala MBle (s34 Jaxo 9 )iy Jued I SLAS 035 Lo Slise y2 LD 0339 y0l) by ALk

140 140
a. Zem) b.
120 120
100 X(cm) 100
80 80
60 60
40 40
20 20
0 | 0
-100 200 -100 -50 0 50 200
.\—-;-J" —_
c. d.
150 -30 0 50 150
e. 150
100
50
0
-100 -50 50 150 200

—

Fig. 9 Changes in the workspace during optimization
a) Workspace before optimization process b-e) Workspace during optimization process f) Workspace after optimization process

Sl w12 Jobo o (5 slad JSb lpeis 9 S
Giloaitrsl o 66l (g iboange sl 3 e 6,5 slad (&m0 giluanage T 5l LS 15 sl (al

sigyel, bli%a ol o sl wo Calgi )3 v pod ,iSTas 30000

Do en b eled o lise 25000
< 20000
&ln -6 S 15000

[1] C. M. Gosselin, M. Jean, Determination of the workspace of planar parallel
manipulators with joint limits, Robotics and Autonomous Systems, Vol. 17,
No. 3, pp. 129-138, 1996.
[2] C. Gosselin, J. Angeles, The optimum kinematic design of a planar three- 5000
degree-of-freedom  parallel  manipulator, Journal of Mechanisms,
Transmissions, and Automation in Design, Vol. 110, No. 1, pp. 35-41, 1988. 0
[3] R. Clavel, Delta, a fast robot with parallel geometry, Proceedings of
International Symposium on Industrial Robots, pp. 91-100, 1988. Step number
[4] F. Sternheim, Tridimensional computer simulation of a parallel robot. : : : PN
Results for the” DELTA 4" machine, 18" International Symposium on Fig. 10 Changes in WorkSpaCF area during optimization process
Industrial Robots, pp. 333-340, 1988. Silwaing a1 e o )5 slad Colue Ol s 10 S0
[5] A. Gharahsofloo, A. Rahmani Hanzaki, An efficient algorithm for workspace
generation of delta robot, International Journal of Robotics, Vol. 4, No. 2,

Area (cm”2)

10000

o
-
~
w

4 5 6 7 8

pp. 48-53, 2015. & 5 x5

[6] J. Rastegar, D. Perel, Generation of manipulator workspace boundary oo
geometry using the Monte Carlo method and interactive computer graphics, CI" ‘_;}LM,% 6‘)—.’ 6o Ll el J_”I) S5 )~| e Q-i‘ 5
Journal of mechanical design, Vol. 112, No. 3, pp. 452-454, 1990. _ .

[7] D. Alciatore, C. Ng, Determining manipulator workspace boundaries using oo ol ooliiwl 2-RPR (gilse p3ulSe S (oyiws j0 ()5 slad
the Monte Carlo method and least squares segmentation, ASME Robotics: ) . . e
Kinematics, Dynamics and Controls, Vol. 72, pp. 141-146, 1994. $lp colus Sl a5 a5 oo dmlone (s976 4 ) lagae ojludl oo il

[8] C. Gosselin, Determination of the workspace of 6-DOF parallel e . T, . . ..
manipulators, Journal of mechanical design, Vol. 112, No. 3, pp. 331-336, SLlSe ol o5 absl ) wsd Jols p5ilSe uts o 6,5 slad
1990. . . e O . L . T .

[9] A Gallant, R. Boudreau, M. Gallant, Dexterous workspace of a 3-PRRR el 0ad s ZRPR (slge p5ole 4w I (selad oy)lie oyl
kinematically redundant planar parallel manipulator, Transactions of the el cads o 2-RPR o1ilSe o 1S clas . Sk b
Canadian society for mechanical engineering, Vol. 33, No. 4, pp. 645-654, : N ) £ A O35 oSl b oy
2009.

221 9 o plesis 16 0,95 1395 )3T (o) Sl (L Sy



ST ala IBLle (s34e Jexo 9 )i Jued

I SLAS @035 Le Slise y2 LIHED 0339 y0l) by ALk

workspace and workspace-based design of radially symmetric hexapod
robots, Journal of Mechanisms and Robotics, Vol. 6, No. 3, pp. 031007,
2014.

[13] M. Agheli, S. S. Nestinger, Comprehensive closed-form solution for the
reachable workspace of 2-RPR planar parallel mechanisms, Mechanism and
Machine Theory, Vol. 74, pp. 102-116, 2014.

[14] J.-P. Merlet, C. M. Gosselin, N. Mouly, Workspaces of planar parallel
manipulators, Springer Vienna, ROMANSY 11, pp. 37-44, 1997.

9o loiis 16 )93 1395 ,3T (o8I0 SBlo i

[10]J. Wang, J. Wu, T. Li, X. Liu, Workspace and singularity analysis of a 3-
DOF planar parallel manipulator with actuation redundancy, Robotica, Vol.
27, No. 01, pp. 51-57, 2009.

[11]1Z. G. Yang, M. L. Shao, D. I. Shin, Kinematic optimization of parallel
manipulators with a desired workspace, Applied Mechanics & Materials,
Vol. 752-753 , pp. 973-979, 2015.

[12] M. Agheli, S. S. Nestinger, Closed-form solution for constant-orientation

292



