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Heel-off and toe-off motions optimization for a2D humanoid robot equipped
with active toe joints
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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this paper, the effects of the addition of an active toe joint on a 2D humanoid robot with heel-off and
Received 30 November 2015 toe-off motions are studied. To this end, the trajectories of joints and links are designed first. After gait
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‘ ) planning, the dynamic model of the humanoid robot in different phases of motion is derived using Kane
Available Online 27 February 2016

and Lagrange methods. Then, the veracity of the derived dynamic model is demonstrated by two
different methods. The under-study model is in accordance with the features of SURENA 111, which is a

K ds: . . . .

Hzmroiz robot humanoid robot designed and fabricated at the Center of Advanced Systems and Technologies (CAST)
Active toe joint located in University of Tehran. Afterward, the optimization procedure is done by selection of two
Heel-off and toe-off motions different goal functions; one of them minimizes the energy consumption and the other maximizes the

Path planning optimization stability of the robot. At last, the obtained results are presented. According to the results, there is an

optimum value for heel-off and toe-off angles in each velocity which minimizes the consumption of
energy. The results also show that, the heel-off angle does not have any significant effects on the
stability of the robot while increasing the toe-off angle improves the stability of motion. Finally, the
effects of mass and length of the toe joint is inspected. These inspections suggest that heavier toe joints
cause an increase in both energy consumption and stability of the robot while increasing the length of
the toe joint does not have any effects on both goal functions.
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Fig. 1 The schematic picture of the 2D model of the under-study robot

o 250 Sy s 55 Joo (Siled poai 1 JSB

ooy Job 1 Jgur
Table 1 Length of the links
(o es) Jsbo Sloxsgs bl el
568 AL Jobo Ly
360 ol Jsb Len
360 Gle Jsb Len
128 b S b g alols Lan
101.5 sl B L s alols Lap
166.5 am B L S alols Las
30 axy Job Lee
by o, 2 Jgur
Table 2 Mass of the links
(o555 oz Sl 7ol el
39.396 a5V p > M,
6.327 o ez M,
4561 Eopye Mg,
2.236 L S oy M
0.512 iy oy M,

loasy oyl oo 3 Jgor
Table 3 Moment of inertia of the links

p59S) (il o

Slog Sl ol
(e yeo
2.94449 AVl oyl o Jer
0.06165 Ol el les Jin
0.07384 Bl el Glee Jsn
0.02260 b S eyl Gloe Js
0.00015 Ay oyl Gl Je

Shoolaiul b s 0980 2k (Ol g e Siwgn uiren
Sty Jolio plo sblys g ol Jabe &8> oo ugSne Soilodnn

3 osleiis 16 095 1395 ls i (Hurde Suille wiie



O 9 JS o3bw Juxo

Jlad aziy Jade & jume Leiglusl 532 93 by sl axiy 9 diubly GiligS S pa ilwding

{(xk —xn)? + (2 — zn)? = L,
(= Xa)? + (2 — 22)* = LYy, (6)
3 s il gy Jabe Slate Slo 2 5 X 6 aka, o
Ao oo lis | dlayl) el pwdie s
iyl g0 a7 alasly 51 oolicinl b 5 Joolie 5Ll

X — X
(oo =tan (22)

Zx — Zn

_1(*a— *n
00 an =t (220)
letr+qh+qk+Qa:Qf
Qu+qn+aqc+qa+q = Qn ©)

s &0 sl 0N Jate sy o @ e 5 Ga Qi Gn Gs® 4k, o
Vb slacsid aygly Sl i 5 4 Qe 9 O Qur (ol )0 Ak 4y

Table 4 The parameters of path planning

Ty
Zh—min t= 7
T
Zh—max t= Td + E
Zy = Td
Zh—min t= Tc + ?
Ts
Zp-max t=Tc+Tg+ o (5)

bowl oV o85> 958 & azgi b o8 g e Jolie jmns (21b 5l (g
Shoslitul b Jolie sblyy Guizmen 9 aziy Jabe 5 ol Jado jowse
5 el Glate 6 alul, 5 olaiul b ol Cosdy ugSae Silosw

Dl e ey $il5 Juake 3g0s

s b sl el 4 Jgue

Slopogs sl Sl jlade Ak el
by oS o ey el yoglS 05 4
1@154.,5.’@& 5B silej 090 asls 0.4T, Tq
2 AlEaSsSs 51 Jlej 00 s T, — Tq T
PSS 6 s ol asls 0.7, Tam
PSS 5y Jgl Sl e asls 0.3Ty Tam1
PSS 31 0 pes Sl e 4l 0.7T4 Tamz
5 S oley o b DV T,
PSS 99 56 lanl jo axsly ()heo asl; ) -10 £
SEASIST 1 Sl o )3 o) & S Blae s sl az ) 0 qf-m
PEAST 50 5B slol o asy ol 90 a5 a0 10 Gs-b
PRSI B L o e Jate 5 (N Jabe (n alold r 0.15D, Xed
PEASSSS 56 lal (o go Jade 5 X Jade o alold Sy 0.1D, Xsd
O Jate gl )| (n S e 0.87(Lan + Lsn + Len) Zh-min
O St gl )| oy s o 0.9(Lan + Lsh + Lep) Zh—max
o Jsb geos 04 D,
t=0 t = Tgm1 t=Tgmz t=T4 t =Ty +Tgm t=Ty+T;, =T,

Toe rotation

Heel rotation%

Single support phase

Zh—max

Fig. 2 The graphical view of the path planning parameters and different phases of motion

S8 il glasle 5 e (b sl el s gl Gl 2SS

! Double support phase (DSP)
2 Single support phase(SSP)

3 o)l 16 095 1395 sls )i (Hurde Suilke wiie

90



Obhed 9 JS o3bw Juxo

Jled aziy Jade & jume Laiglusl 532 93 by sl axiy 9 diubly GilogS S pa silwddug

200 T T
— Right Toe
150 F == =Right Knee |
. ='='*Right hip
100- l‘ ““““lR]g}]tan.kle_
|
¥

Joints Velocity (Degree/s)

150 . A . L .
0 1 2 3 4 5 6
Time (s)
Fig. 5 Angular velocity of joints
J..aLa.o (5‘4945‘)' &_QLQCA:).‘.A 5 J&C)
3000 : : : . :
m— Right Toe
= = =Right Knee
« 2000 - z ='="Righthip |
E """"'R1ghtank]e
5 r
¥ 1000+ 1 4
e 1
o
S
= 0 1
3
[ =
Q 34
Q -
< -1000 - 1 ; 4
¢ "
O =
™ 2000t . E2 ~
-3000 L : . : :
0 1 2 3 4 5 6
Time (s)
Fig. 6 Angular acceleration of joints
Jolie glagly slools 6 s
8 : :
w— Right Toe
6k == =Right Knee |
-'-"Righthlp
— 4- ”””'“Rightan.kle_
3
'
& 2t ]
8
#
20 1
g
S 2t |
4+ 4
i
5 . A : A .
0 1 2 3 4 5 6
Time (s)
Fig. 7 Angular jerk of joints
Jolie Glaygly S o 7 S

oS ey (2 515Y g, (109 o0

9 dal, alwgs a5 @Bl o Slaisee Hlop 5l Ol S > mder Gl
sl 00l oola ‘09..'2:@ [@-Tge

91

Fig. 3 The geometrical explanation of the equation 6
6 ala, wiin a3 3 S

220 Qe 5 Qe 3lweslos sl ool S3ay p3¥ ailio b azy 5 b S
sbly; 7 alaly Jseome Jezmalobee Joz Jo b ocasl oad aid 5 Sl o
Al oo Sy Gt 5 Ga i G Jolis
oslitul sl Cdlon, 5l 1 azy Jabe o (9)5] Sy ol
Shoolainl b1y amy Jate g0g0e g (28] Slate 8 alal, 05d o
2 )glise Camay by S (laggly Copmdse g o Jmio Stz
Xy = Xz — Lan Sin(qy) + Lascos(gr)

2y = Zy — Loy COS(qf) - LafSin(qf) (8)
axy Jabs g0gec g (ol daite edins olis zp g Xy Balal, o

REEH
54 S 55 ol sl sl Jolin iman b 51 ol sl foged
cipg Tl 365 4 sl s o cwl sad sl ol 9 S
Ohiled Jolie lagly Sy 5 Sld wepu sy @ bgiye sl loges
slaliuly jo Jolas Cusdse i 5 49 58 slo S 40 5 el 0als sols
el oad ools ulei Z ¢ X

g;i""l*’o J"""_s
oolatwl calizes s, 99 3l Laigbusl by (Seslins Jow zly5uul jslate

80 .
I‘\
BOL N, 7 X /’--'“----""' i
h ) 7 kY V4
NN A ——Right Toe
T 40F 4 == =Right Knee -
;);n == 1Right hip
e 20_ xlullllulRig}]tankle i
Lo
o - "
g 0 My l
2 R4 Y i,
£ o = i,
S 20 P 1
r 17 e, -
‘. N "‘\‘yuﬂ-‘.'ﬂ.‘:::
" N K
40 F, KR . .
S, S\ -~
Gy ISR Tl
1 2 3 4 5 6
Time (s)
Fig. 4 Angular trajectory of joints
Jolie Slar sy (slo s 4 JSC

3 osleiis 16 095 1395 ls i ey Suilke waiie



Obhed 9 JS o3bw Juxo

Jled aziy Jade & jume Laiglusl 532 93 by sl axiy 9 diubly GilogS S pa silwddug

syl Ol goaimo Ll Cor Caows jo Djle ol A2 alaly o
g 9 S0 3l 2S5 oedsnsS SISl seammsplis Sjle egs
ooy e e ) 51 oS ya olal bl oo ialF Sl ,Silis o e
S bz slole o ouls sl 948 e 5 b, ool Wl
Bl el S5 00 55 12 alal; col) G ol gl e et
2y ()l GlaygliiS 5 gy (gonylo ;o 995 4F S9l e ol
Wbl ee Db,

0978 & dianly Lgs Db,y ;0 (5> slajlh Sglis aSenl 4 axgi b
<8 o ¥olas oy Sl sl oo ey b gl olas 5 Loy 60518
4 ob, lail o 00,5 gl &8 > slajls saled 10 (soges D90 4,
A5 Bkl e b uled @555 (90 Lad y0 ol G D50
Slogys Olore & Jolie glojliss ks o ool (o 0gb o0 485
@ Al presd S Jlop e Gl 4 gl oo Jlesl Ob) & ()5
Pgdise iy 13 Al ©)50

— _ [lsxs _ [Taxa
Q = Bi1xg Tgx1:B11xg = 1 Tgx1 = | 1
Ozxs T

4x1

(13)

€95 51 310 3929 ey 9 Ol S S o &S G393 S pl @ Az b
Los bgys b oglpee 1y 058 ool 5l plaS,e 0]l Sogislyn
053 silele, Ghgy 5L crl ln oS Rl el la sliss
SloygliiS o gy Sl abs iy, ol slien [30] o5 caliza
e s ol 45 WS s e b S aliee Ll ey ond y35le
9y ol 3l ablge oSy o 56 5 [B1] jho (lee abaii S 4 ausly
B iy 4Bl oesd S9p0 Jlop )0 Loy (nl b Bl oo le
D Bgd oo ytS Jh9Fwd Gl 1iS L olren oS 555k @ 035y S5 >
sl sl of oy JoSas s be olyen 4y Al ool 59505
loads eals Lzd 5 Jgam j0 &8 > calises

osbiwsl (Sby S osgume 0 jho ples abdi S15 Jguz bl
ol g0 g aalgs U8 ki e Jesdl (WSe slogys S alads il
S g9 9 gdises Jlasl U7 ala 4 (lesll nSe (598 g >
2 e ples dhll axliz 05de Jood axty Jake hwg 4y
b (e Joall Ko (glog i S alaits ol ooliws] (s azmy (s03g0500
LGl ahis G LS a5 (5yg0 50 o walss azy S awg 0 @8l U
e ey 53, Sy sl il L a5 2l wiile sl oled 4 e
W85 55 Geey Jedll S slag e Sl b Glgiear (wles aladi (e
Dy

Colb o lan U175 US" LlE oS ably e Copanl > 4S5 ol 4 az g
&S Sl o aisgdieed (hed b bl Gheiws 4z e 50 5 0o
SIS 3929 Dby &S > sl A 6358 s 1B (e 59, 2 by b
Obes sl 98 S g e09ee 5 (Bl Sz 0 S5 slp B 90 Juls
b2 ln oS A ggeme ;5 o Wb amio p ges e Jo>
Iy o 4w ol Glgs oo 958 (silula, g, 3l eslaul Lo jls 3925 coliws!
5 ol Bl wgd i ol oS (Rl eliiS Sy g 90 b
WNgdeo GriSalr LS Sog g 90 B Lo (e Jesdl e slag s
Wl peend 9 bl A Sid> o Jedll S slag s
J e ol o wia S ol Jioxe)Flext) iy 4 4 arilig
oy Slatie w3 Jodll S log s 1 alal (ngSTs o le
RTIAg

3 o)l 16 095 1395 sls ya (Hurde Suilke wiiie

1.4
12F B
1 o o
/_\08- 1
g
" os} 1
04y s Right Toe
= = =Right Knee
02 K == Right hip 1
2 s it Right ankle
0 F‘“‘\ ! 1 ! 1
0 1 2 <] 4 5 6

Time (s)
Fig. 8 Position of joints in x direction

X gliwly 4o Joolio Condse 8 JSCi

e

[ - -
07}
—— Right Toe
06k ===Right Knee |
== sRight hip
051 "‘--\_~~ ......... Right ankle
4 pal Y
04l s’ il T
PR e TR Ll
g 03} 8
N
02— DERLLL T T
01.’ IIIIIIIIIIII PELIBARLAILESNLIS RS LB AR IR IR SAIAL g
D—/-__\ .
AO1 1 1 1 1 1 ]
0 1 2 3 4 5 6

Time (s)
Fig. 9 Position of joints in z direction
Z sty 5o Jolie Cubge 9SS0

4 = [ Ghr Gxr Gar Ger Gh1 G Gal 9o Xh Zn Qer 17 9)
@b @ bgrpe wload aseiis T il b &5 laties 9 abal, 4o

1Bl oe 10 Al 3 @ SSY (o) » oS> S¥olee

d aT) oT . U
dt (aq T dq oq
6 1 6
T=) ZmGE )+ ) Sl
i=0 =0
6
U= Z m;gz;
= (10)
0l oo 11 ddaly & jgo a5 (1S gy 9 @Sl DY olre Cpizmen
; O
A aq . 0q;
Z(mi[xi Zi+9]|azqi P+Z(/iCIia—qL:Q
i=0 l%J i=0 (11)

a5 ol Bl pasy Slaiie o laay) s oaijled J 598 Lailg, o
A1 6 10 adaly g0 5l G 2 gjlwosles 5l g oS 0 s 116 L
Sgdge Jol> 12 ala,

L (Sools Jow 4 by SYobeo ool oole pd iy cpl @
wilee 12 alal; @50 @ 0S5 ISV (b9, 99 5 5l eolin
My1x11(q) X G + C11x1(q, 4) + G11x1(q) = Q (12)

92



Obhed 9 JS o3bw Juxo

Jled aziy Jade & jume Laiglusl 532 93 by sl axiy 9 diubly GilogS S pa silwddug

Table 5 Dynamic equations for different phases of the robot motion
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* Foot impact

? Joint range of motion (RoM) constraint
® Cross over

* mutation
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