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ARTICLE INFORMATION ABSTRACT

Original Research Paper The robot has to adapt its movement with the various conditions of surfaces and ensure the stability
Received 04 July 2017 with the proper motion of its bust and legs in order to be able to move on different surfaces. Several of
Accepted 18 September 2017 basic parameters of the gait can be expressed by the planned seven-linked bipedal robot. One of the

Available Online 02 November 2017 issues that has always attracted the attention of researchers, in this field, is how to predict the motion

path that guarantees the stability and minimizes the energy. In this study, parameter optimization is used

Keywords: . ) i . . .

Biped robot which means that, at first, joint angles are defined as a parameter functions and then with respect to
Walking path prevision kinematics constraints that define maximum and minimum of joint angles, the problem of motion was
ZMP obtained in the way that stability of robot is maximized and energy is minimized and the robot is put in
Single support phase the permitted stable region. Also, zero moment point scale was used to calculate the stability of robot.

Optimization of Power Consumption . . . .
P P Experimental tests for motion analysis for a walking healthy were performed and the results were

validated. Finally, due to the presented model and predicted path, the robot can move like a person.
Comparison of experimental results and the result of presented model were used in each step to validate
the accuracy of the proposed method.
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Fig. 1 Robot model in double support phase (close kinematic chain)
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Fig. 2 Robot model in single support phase (open kinematic chain)
Gl (Seolodom 0203) (2SS ST 56 o by Juw 2 JSb

09y° bl opl ey opl elely a3l jhe oS (o obxl
9 039 5l byl o) han b by oled ans I Jol> oalass
S s 0s55ly @ hlet ol sl 4l Gl 5l gyl alaii (al e
PEATSS a6l ks Jlne (nl a5 cusl 58 4 o3Y ]l [15]
il Al o 90 Jolss jao lew dlads s gy Conl 00l (B e

:Jgl al> o

Az g 00,5 co 0ad dawlne Sl Hao lew adali Cosdge lgie 4 P oalais
kot g0 abai ol LT a8 uils cos bidly Lo aloyo ol )5 a5 503
[16] (W3 JS) o g b ol b, 2SS

ipgd al> po

Oloe sabais (sl WalS S, LS ol avulne jio plos saladi CuaBye
by 2SS lowizr ojlul b wl cudge (ol ailoe b, Hho
Oled ki (pl Bl BEASS (aldviz J&Is aba ()l S1.058 dulia
BEASS ahowis 5 2,1 alaii ol S Ll el Sl yio olos 4k
i Cumdge odal Cowd a4 gabais gdly jo S Culine ool 4 sl
2z 4 (55 2 Bdly (e Jaall e (59505 5 ol Oy (058 yio lae
o (Vb 5lesS bawgs 4 cpl Joo piilSio g 0,5 aalys 51 a8 4SS
lboaizr gad oo galol ol 4 ylis ool sojluil S o g0
bl Coxdge) ol pSoilnl ho (les sabal Cuxdes 5 (AEASS
[16] (-3 o) oyl (Ko I sy (02,8 ya0 (Lo

Lo & 50 -2

SYoles gy sl (AEASTST 5B 0 sk (y5igs by, 5l e cnl 5o
Slp ol Gloie 4 a0 las sadaii ol wales solaul Ol (Selis
bzt salles 55,50 L g 00 walys s )5 e 0 ol lak
e sailaie o S, 85 sl i WSS & S5 s
spbiedy ugSae Sleis 0 a4y dlie cul jo 0,5 18 65l
Spdige (g Nl 50 a8lige (6570 5 pe ol syl e Sl ool
03,5 hos hate sbls; 4 lade lacuadas 0551 mple SWS'L
dls lgly Glaolis 5 slagly slocae w (lade Sblg) G
285 walys 18 jho les bl Jlxs o (9995 Olsear 5 A alss
Jeily 5 sz 655 Gamlbre gl Al Salis I izen
28,5 oo dulee 0590 lade slo,gliad Coles o 5wl wales oslaiul
Ghmolne b a5 0l dalgs 05 g ll mSTas LS jo (gados ol o
3 rizes g Wb S5t ES > s lade layglisS SeS a4y (655
S5 Bl s solul She (55l 5 she Ol b Jlas oSS


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml onesb 1399

R AT 51 )3 56 a0 OlgT SHLwdia 9 613G b olred L9 by SIS )3l s (s yinsy

SaS &y hade llg; ol a5 Conl 7,8 py (giledingr g, el 00
Sl 58l SaS Ly s cdigdi g0 005385 poas (G4 po (52195 (5 0
S (5975 4 ol pd (nl ((Siletws 058 18,5 5 0 b (gleaige
Jsb 50 o Slee bl (pizren § 95,5 perine Sas &l 45 WS o
Ol S ye ) akols on a8 b 2BASS alowiz )0 AEASISS 6
ot Slp (s abi (sileaige by, 5l B cnl o wiler (BL

el o osliul Lgs slacl, o8 > s

90 bl g5lwaint 09, -1-5
T Gslasli 2508 L sihe Sl siluaige sln &S bt 5l S
> gy (g ol ) el (S9)0 sablali g 4 sleaine el 0y S
JiSbo o bgyo abali (o) )0 3900 Gy (S0 4> gy0 0 S 2 L
Dy ge a8 S0 115 O )50 & (5l Al IS

593 5l abaggerme (gslunl 258 28,5805 glm LSl Gl o
Ol 00 o it Cudgame 05l oo 418 )5 LS00 e e Cudgazme 5 (S5lud
sdlie &yg0 |y (giluaigs b it (oled o Cul glaigS 4 Ll
9 9l a8 S5 4y (glusli 0B SO had jslate 4 dylad oo chy i Al
foged Jes 25 Dyge 4 lgier e Cudgaze Sy
h(x)<0->h(x)+s=0 s=0 )

Jlesl sl gig o alaii Jigy ;0 0ed co 4 SoS e S e 4
D g0 09558l Bus Al 4y ey )8 O jle SO e ke Cogases
minF(x)—,uZlnxi c(x)=0 ©)

i=1

@ Jm anl B U ogi se o sl Glo Bas a0 oK o Le
5 i 5 055 55l o 4 o ke (ks Ko 5] 5 90
00,5 deS Bus

ool ST 0gs e azaS mile yal)l cp JISl ol )l 4 (398 s 1 o
ol salins b 4 558 saline Ful S L jhe Ceon 4 ke
o Vgore gy onl po Jo anlyd 5l sl 05d o | 5on S50 (sakaks
>l 5o T ke guyas 4 g 99 ge a3 S ko 1 slp sadsl lade
oy a8 BB liae 40 U ail oo ralS alizes

RV &6 -6
O o5 Lol e (6ol lre 0dg95me 10 E8 > e S Hskiie 4
25 Dopod «5)lal 5 S5 oS 5 Dygens Bam gl (S rae 55

2
Z ((szp - XMS)>
Xms
Z ((Rzrm + Rzrh) - Rzre))2 Z ((er) B ere))z
vt + T
ma)§|Rzre| zrnalexre|
+ Z (—ql q1e> +oet Z (L q”) +1000 X ...
max|q;e| max|qz.|

(tawy) \' (cawy,) '
e (Z (max(tawyle)) +Z(max(tawy29)> *

W PR W Yges)

taw = 1000 x

+z< (tawys) )2 + Z( (tawy,) )Z) @)
max(tawye.) max(tawy,.)
XzZMP

Z?:l{mi(zl - gz)xi - m;(X, — gx)Zi + Iyiayi} (5)

Z?=1 mi(Z"L = 92)

z ¢

X

Fig. 4 Adoptive biped robot model
Bl bgs ol Jow 4 JSb

s 2 0 390 oo (b placw Q] S o SYolre galwgay (Soliso
©ol3] Bl o olawi bl s &8 > Jitee SYolee oload  Sealiys
30l 0szg (Saalins @¥sles zlminl gl salie sla iy, e oo
OS5 SRy 9 FY ey sk osss Ghey & Olsiees Laits) Cnl n et
Gob asdlas 5)50 Lo Ol (Soolins SOYolae (Baiod (pl [0 0503 o)L
PSS I 56 o iS5l Jokosises by, 5l eslanul b (D) salal,
Soolins g Solosw Laslgy dies b aS 700 oy ol 0alds gzl zeil
s ol 0] sy danlg, iS5l S jgo 4 g g4, el S sl
Ly, oy 45 3o, 51 Caleiys 5 0 S5 50 cr sl sl 39 U

m(y)y + c)y + gly) — tORF = M @

ol 0030 5 doands

095 SBOL) &8 > o (S -5
e (i by lasl (3 ely a0 e bl I (SG
9 Slisdos 005 55l Gad e 9 Sl 4 e 5 Sl (S~
ool by E5 e b Sl 285 850 g0k e Sl
WpS 50 A in D90 o ples il S LS gyl ST
odel Cawdy &S > e a5 sl T gy ol M 5 (ST sy
L oS ol cpl Gaa Gadod (p) 50 S oo Brae 0L 655 Ygers
o s o3300ma 55 (5 oy 55 3 L ol 55 8 i <SS
oolitul iluainr slaghs, 5l ssbie cal lp il Cwsoay oS>
Syrse Glacundy o y0 Sz e L e gluaigy 005 o
o anilie )55 sloanlp Jols Ysons (siloainy slapm, 58l ol
Hgd ga i3 (g abai) ole abals 4 g o £9,8 gl (sabais S |
ol e o JESH am dls e 4 G655 A pe 5l ] a5 gl s
Slojge &8 > Sy 28 ol o4 ST 51 S (o alete o 5 ooy ,55)
ooliial ke (sbly; o) slp 4,8 Sy 5l e (50 1 ez

2 Interior Point (IP)

* Optimization

11 oolaids 17 0953 1396 (youp (o0 Suille Swis


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml onesb 1399

R AT 51 )3 56 a0 OlgT SHLwdia 9 SIINL b olred L9 by SIS )3l s (i

Lol mbs g ol oais ooliul bl (soae Jo jekare @ idia jl5le
SelSoger oo glate 42 005 (oo Slislajl 51 Jolo 25 ol
L al> o 90 50 (gilwaige ainl g casl ouds (6,108 axs (ol 53 (53, o
03,5 pll 0 -5 5 -5 S8 b Bilae (Sg)s ahali il )
(Sblsy 8 31 ol 42,55 5 wralrd Sl 5 X o s5kiie il sl
oolatwl (giludigs alise o k2o 56 Slawd 030 )T Gy a8 A3l o lade
RV g
S5 3 w000 376 aS w48 I Llas o 38, ol S (gl s 00lo 981
5zl Pl 4 0.001 Sloj alold L osls 5 o ools plazs! a8ass
I ol polie e jlotzngs ol sl e 53 ady) e (sl 005 L
$09)9 Olyie @ Al ye 8 (295 Sl 0ud 485 5 4 (o) @l
Ol pledl g gilwaign Aliess Jo 5l G sl ouls oolainl gam sal> e
Sl ol s was sols las "7 5 6 JS" 5 a5 sbiles wnld
b Bas a4 Slaol il oays F awslie o2 bt b (g 5luoand
Gl bl gy oy ludl anls (S sl b oS sl Slgs ol

Current Point
| II | | 1. i | - I
L}

0 0 20 30

Number of variables: 56
Current Function Value: 38.19

=

o

Current point
)

ta
=]

40 50

o 60
=
o
> 40
<
k=)
B 20
2
S
L o L L L L L L L
0 100 200 300 400 500 600 700 800 900
Iteration

Maximum Censtraint Violation: 0.0022

Constraint violation

0 100 200 300 400 500 600 700 800 900
Iteration

Fig. 5-a First step of optimization process using of Interior Point
o> Al g 4 (5iluaiagy ail B gl alo e IS S

Current Point

20 T T T
E
H I
0 I m [ ] | | o |
g “ I'
5
[5)
20 . . \ \ \

0 10 20 30 40 50
s 10
=
o
>
<
S 05r
E o
& %po00n

1] 5 10 15 20 25 30 35 40
c
S 4000
o
° oo
=
c200fg? g
KTl =]
& OooooODoopon -
] DDO%opppgg
& oo \ \ \ . \ o

0 5 10 15 20 25 30 35 40

Iteration

Fig. 5-b Second step of optimization process using of Interior Point
S9yd dhal (b9, 4 (giluding anl B pgs Al 0 -5 Kb

4 Matlab

11 oolaids 17 0053 1396 (youe (o0 Suille Swid

ekl 5l adlboe Sl Hhe Glee salall Codge X-ZMP (358 alail, 5o
B ye calind o 50 (g lly Baa sl 4y ool onsl Cewsy B)
O &S (2BASS loair S bojhe Gles abl Cosdge
sblyy S Jloy g eizpen Sl 0l posive )b ) 5 )lnk
o3 ol 78 Blie polis b esy JeddlnSe slogy 5 laie
SlayglisS (B ran 6551 (903 poriee jslaie Lol AT 15 oy
Sy Cload a8 )5 L 55 Jlae b 50 (4) alal) b Gillae Jolis
4 a5 Sl 5l el oo e 093 (0)20 Jlake (gaiiin 4 Lo jglis
S 50 s HoliiS 5 gyl ST 5l Sl oges aeS” Lo
s @l Sl GB6 late sblsy 5 ey Jedll S g 5 wls
slo iS5 ol Hho les galall Cosdge (ol 1 ety gobyj (ass

el o 42,8 155 10 1000 > Juolie

3948 -7

Siltingy sl S gy nl ) oy 205 (Sileing sl
i el @y Sygen late sblyy Aol 5w Sl s
1) Llss ol JBlas 5 yiSTas oS Soloipw 958 23,5 Slai o0 Ly waiays )8
dabaie 5 ogdle a5 Wi oo ooty IS5 @ &S o sallis S o iy
9 Sl 4 Ol b o Bly Joe b (o S8 (Salad Joo o
W 393 Ol Pla Gl cnl po S8 ok )8 (Brae 55
6098 (2BAST ST 5B o ccl o ools plii 1 Jeax j0 4 jsbles
Sl o Jolie bl 2l 5 adsl Comdse 09 atie jolite &
P 5L> L9, J? s_i: O°) [oJ.B 9 Lg)b)g‘alf as ‘5§L>UT )l RO PR
g dowl bl doa ol (Bl slacusbye 4 0508 Wb 1Y
958 iz 035 Jlael sl 4 5, £ > s jslaie 4 ss (s
0855 5 o Olos Galall ZueBge (23,515 5 Db gll el sl
oS lowiz ol 5550 a4 Cond Aol o S 0 g (RBASS s i
Goys guome Jlosl jelaie 4y .l ool Jlesl wjlo 1) (g ll o e
JolloSe 5090 S905 S5 2 5995 ey gl L L (wled (s3ges
55 G5 pas 5 cebie 5l pplS sl 5 Sl ea 48T 0 e
el oy ool caalS STSlasl gl 5| aFaSs S 56 sk

O @b 9 Siwosly -8
5h oy oy 5 o o3 slales] o & G ol
plxl sl Jlo 29 G b @il S0 02 S5 addllas ()3 33l o0 ol
oBaabosl jo a5 050 (latalesl 00,8 il (28 ol ) el 2l
Sl aiedisn e il glasyslid Glides S ,e (38 ol 3L
ol 25 Sledbl s plowl Gy pd sxio oSl 4y inly lLiidge
e 28 (6,5 155 oty ey Jal S slag i 5 S5 Siilaow
Sl Gt Bles sl 9 amho 50 5 (Sl Glagse 4 Jats
03,9l Cewoay 1.23£0.1m/s ke &S o G b 80l S
Wb S Syge Jlasge 08 slp el JIUT QLS plalesl mn b
ol s Syt S ol Selatims S (i |
Lgo by (Sowlins O¥olee zlyunl 51 Gy ol oolainl Lgs Ol Jow
Sl oS Vol sl Jo jslate 4T mee Ile 5 1 ¢l

t XImet
2 Xrhip
% Mathematica


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml onesb 1399

R AT 51 )3 56 a0 OlgT SHLwdia 9 613G b olred L9 by SIS )3l s (s yinsy

Bl bgo b,y Jow 4 oads Jlos!  Solys g Soloinw 9581 Joue

Table 1 Dynamic and kinematic constraints applied to the adoptive biped robot model

S5

<l b
Oly (88l oxdge
C28 = Xphip(t) — Xpnip (t+ 1)
T Bl Cundge
C29 = Xpa () — xpa(E+ 1)
5l (Bl Cosdga
€30 = X (D) — xpe(t+ 1)

XMS = 1.316
HF = 0.154/2
devZ = 0.04

Cs0 = (|Xamp(t) — Xims| — HF — devZ)

Canly b a3l ol oSe 53508 (53505
Rzrheel >0

Swly b amty Jodll S (3508 (5950
Rym >0

Cy = (er(t)) - 0-6(Rzrh(t) + Rzem(t))

C26 = xla(t) - xla(t + 1)

Ca7 = X () — Xt + 1)

shate by ole 5 adsl slaciadse

=t sl g, &S5 >

Ay (Bl CoxBae

C25 = Ximet(t) — Ximet(t + 1)

1) (Sl dga

o Gloo abadi Coxdge

o) g L b Geled (69908 (5925

S Job s B3 pas g clie )0 08

G S ke 5l A6 las -
S g s 90 (28 5l (AL slas -
sbacl g o (58 51 (AL gl —
Jolre 5585 of) Sslases 595 12 258 99 0nl T 85 S 0 sl
109 (oo b 2
slach) ol Jas 5l usSae Silaips S 4y (lade sbls; @
Shoslital b g (ol gamaw slad o &8> g atess o
35,5 oo gl yEsl oS e Lasgs o @) Laio claosdye
P s Jsb 5eSile) oad ab Sk o el slael b b
PR KT amio) Jisle amio )5 LS &5 > 5 (25 >
PR Y jeme sliwl) 5o clasl slaceadse wad 0
g s
G B 91 al> e 5l onel Cawods (sblsy 5l eolazwl L (€
o 5 oS o g slael ool sb Golol s peiiias Sl
23,5 (o0 dmslone Jolie (g3gec 5 (Bl (slaiunbee ( Jlusle
5 Jed o ol so5ae 5 (Bl lo Codge anslie 3 b 51 d
om0 9 (Mg s 5l Sl 0lis 8 Jloel I

Dy

s (St 50 095 (0,75 slite polie I lade bl Uas l5ee 2 Jouar
Table 2 Error of joint angles from their experimental amounts

e olee haie sbly;
113 1
0.4 q
4.8 qs
326 qs
31 qs
15 q,

0% ( log) A4S S5 56 09 o dmglio ] ES > s b o
S 0 BB S b s (o S5 ) 58 oly S (2o
5585 Tobogi 5, ol 09 o0 el 8 o5 s @ SIS 5o 4y L]
(005 co LS5 |y g o pgws 1) o5 suoys 73 15 60 s alols
L oS Slojy b ey 5l b QLaSSl a5l al> ol el (o0 Jokas
Jsb el Ll Comdy 5o Jlie 6l 5 duy0 log Slo Al pe @
50 wialice g TS olid B 1 A e ol Koo eBas lass e
Ao sy 58U Cod lgn 3 b g whiee RIBl L QLS al> e ol
Bebse Dby (AEASS 50 56 UL

Wi Obl Sl 5 23lisn 58 )0 b T Sloo Glugs Al ye g0 Al 5o
g0 )R 18 50 ey 2 3gee yobay lugt Sl j0 sl (Sl oS
oS cl® aled Ologi S8 Ll 5o 5 bl Jobay o5 000 BT LT3
Jb o ol axil a5 glabind 5 ol o Jsboas plS 0oy 100 b 87 5|
b old al>re cnl 0 abioe 4l wiS ooy eled ey b ey
ol eI re by oled oy b ol 4 L B sl oo RelS e
s aie shars bls plas aioli o 57 Ols el alo s 1) a0
slp dol> slalhas 2 Jgar Gob oS o JLis (095 4] (025 jene
@D sl b g Shase sl o conl 5% 5l oS (Lads sLly; ples
Obwgs 9 Sl 51 9o ys Sy 6l e a5l (@5) o b ol s
D23 o lid 1) (10% sgum) Uas oy i Sheo

Oy w8 oo Js |y (028 &S > sl ax ST e b o 4l
B sl Ll ol Ologi 5 Sl Olugs Loy £975 5 4w o 5o
Bl Comd odae Cle s  lgi oo 1) plallas o> 3925 .l 30%

* Swing

2 Initial swing

3 Acceleration

4 Midswing

® Terminal Swing
® Deceleration

11 oolaids 17 0953 1396 (youp (o0 Suille Swis


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml onesb 1399

R AT 51 )3 56 a0 OlgT SHLwdia 9 SIINL b olred L9 by SIS )3l s (i

qi(rad)

0.05 T T T T T T T
= Prediction
ol << e - = = =Experiment |
-0.05 1
0.1 1
015 E
021 b
=025 1
03 i : i i s : i
0.1 0.15 0.2 0.25 03 0.35 0.4 045 0.5
Time(s)
0.4 T T T T T T T
— Prediction
< .
03t ~ = = =Experiment |
02 E
~
B olt —
£
=
o
[~
ot J
01 1
02t J
03 . i } i | i i
0.1 Q.15 0.2 0.25 03 0.35 0.4 045 0.5
Time(s)
1 : : —— . . .
o s —— Prediction
0.8 = = = Experiment |
0.6 1
S 04 1
g 0
<
=
O
S 02 4
] 4
-0.2 i
-0.4
0.1 0.15 0.2 0.25 0.3 035 0.4 045 0.5
Time(s)

Fig. 6 Path prediction chart for joint angles

Vertical GRF

900 T T T T T T
= Prediction
800 = = =Experiment 1
————— Rzret+1.std(Rzre)
————— Razre-1.std(Rzre)
T00F AN, ]
-
—
Z 600t - -
pust
N
o
500 7 1
400 - 1
300 1
200
0.1 0.15 0.2 0.25 03 0.35 04 0.45 0.5

Time(s)

Fig. 7 Path prediction chart for Ground Reaction Forces

11 oolaids 17 0053 1396 (youe (o0 Suille Swid

q,(rad)

gs(rad)

Rxr (N)

— Prediction
[ = = —Experiment
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)
= Prediction
r\. = = = Experiment 1
1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
Time(s)
1.4 T T T T T T
- Raatan ot
- ~ — Prediction
12 = = = Experiment
1
0.8
0.6
0.4
0.2
0
-0.2
04 i . . i . . i
0.1 .15 0.2 0.25 03 0.35 0.4 0.45 0.5
Time(s)
shate by & brye sres s 050 6 Y5
560 Horizental GRF at Right Foot
e Prediction .
150 = = = Experiment -
~~~~~ Rxre+1 std(Rxre) ,_,-‘
wofp - Rare-1.s1d(Rxre) '}.r' S
50
[
-50
-100
-150
200 i . . i . . "
0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5

Time(s)

ooy Joall 8o slog e 4 bgrye s S Hloged T S5


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml onesb 1399

R AT 51 )3 56 a0 OlgT SHLwdia 9 613G b olred L9 by SIS )3l s (s yinsy

a5 e 6§95 06,500 358 8 8 G yegg il sl 6,5 S g
S sl 1y 8,8 o el sl (38, ol

e S g8 -10
@V ko g 92 2 oy S j0 o alals i
i o gyl ploe i
gae o Job b

kg) gae ;2 0> T
by yo Hlos dail Cosdee P
gas » Glhe agl; i
S gac ads agly @1
s_JLJ) ).w uLo.A alad Coad " "5.0 Xzmp

haie Sblg5 o B )98 5w culps lon X
$ae o 02 S pe Suxbee Yo
YN
sl u
Sl ) -11

25 Sogen gas e 4 by lagliaS g by (Sleiew Ly,

el 00 00,51 Cawody

Cowly gl @0 -1-11

Xc, = Xpa +dq X sin(043) Q)
Zo, = Zy, — dq X cos(013) )
Fy, =mqy XX, — Ry (3)
F, =my X%, +myXg—Ryn— Rym 4)

T1=1 ><ih+Fx1 X(Zra_Zc1)+FZI

X (Xc1 - Xra) + Rzrh

X (Xc1 - theel) - er

X (Zc1 - Zrheel) - Rzrm

x (eret - XC1 )
Sazhy ($0g0 g (B8l Cuabae i B A Xmet Zrmet 00 )5S Lalg, jo
60508 9 (88l CumBge Ay 5 Xrneels Zrheel b Sl b
G5B lanl jo as el doday caad (pl o Lot Canly b ansl
sabal) o lply 0ol bz o) hans Sl Sl ey S 2B
g0 Joall nSe (5555 (4 abl) g3g0e slogyd ablp 4 by
J6 st o el b sl bl anlss gz (Ryrp) el sl ansly
g Sy b Blie jo (Olog J 50 L) g b S Sb; LBASS S5

Fig. 9 Robot right ankle

Oy JedlloSe oy (St @ baie alols @l (n e 5l (S
O3y oly S > 581 aS e alasMe "7 S jo aS jsbles il o
Obog S8 50 ey 390 Joall pSe (9508 45 Sl slaisS @ (L
odd (Gilwdnd mls lawg 095 4 Alies pl ) o0 JBlos 4 Sl
Ll 00l 00l ULM.; p

hal a5 ol @50 p Slogs 56 50 (81 Jeall pSe (595 555!
5B Jsb 50 e g oo T el (6 pSOlis a3 aS ate Jlake G
L s oloogs 35 Jsb )3 aled s 5 denysn o &2 ke e logs
@9 @ 55 X ool e oo alS swisS plug b Qb (b St
ConBge .l ool JLoo ouds (glwad Lsasl Josdl Se (55,0 Lawgs
PBASS aloaiz 9,0 ;0 (2EASE SO B Jsb o jhe les gahais
b oo ol @olal s 48,5 )18 wslee Db gyl oaiiS e oS
o Glee sabaii sly e (go3game B o GliS g3 w4 anTd oyl
2 el cnl 5l e oS (ladl (58, oy 4 aliiss fog ah jslatea
(8 ol plSan )3 (Ll b (sl (iST (uogy pae b g by o385 a3
et Slo "8 IS )0 58 e las bglas oS ol oo axd F sy
b on Egdge

&5 o0
510 s S, S5 o s 325 () Bs 45 gl 5
a3k 0B ob, o g9 4 &S > sk )0 (Bras 55 Pl g sk
S Sy iy ol e g 035 (sihatend | 8,8 o s plal S5
a ails 0B aS 638 ln |y 58, oy e 5Nl 5 S o) Wl
009 Fdad daxn jelaie a4y allie ) [0 1A S sl 09y ol gy
Ored i a8 S I o Jiee g4 poliaS (Ll 4 oad i)l Jae
Sy30 ol 5yl o 45 o5 SVl Loy aliene | xiitions
2 Jokogise Ghg,y 3l ool b ol (Sealas Jelos 28,5 )8 )
G970 @ Oy i) oly e ol 5o 5 S5 bl LBASSSS 56
Sk 9905 poriee (AEASTSS B Jsb y0 (6551 &5 uiS (Smn
0P 58 ol memme 98l g sy 093 Hlake G yiden @ 5B Cnl Jsb o
Ly Geiios nl ,o 485 el Glagiagh b cuiS slml (o p 3590
58y oly e Slaisyge Sy 05 ool (lgioe oad Wl Jae a4y 4z g
Saogill B! il o b el ol g WS S > ol 08 s

1.45

— Prediction
— — —Experiment
= = = Acceplable Boundaries

zZmp (m)
TS

125 ¢

115 L . . L . L L
0.1 0.15 0.2 0.25 03 0.35 04 .45 0.5

Time(s)
Fig. 8 Zero moment point position in single support phase

2RSS ST 56 sb j0 jho Glee aladi CoaBse 8 JSCb

11 oolaids 17 0953 1396 (youp (o0 Suille Swis


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml oMb 1399

A AT 5L 5 S8 a0 UlgT Siwdiat 9 Sk b olred L9 by 13320l e Sas i

ol b o, 11 JSC

Fig. 12 Robot trunk

ol as 12 Yo

ol b 1, -3-11

Xc, = Xpnip + d3 X sin(q3) (1)
Z¢, = Zypjp — d3 X cos(q3) (12)
FX3 = m3 X 5&% + sz (13)
F,,=m3XxXZ,+m3xg+F, (14)

T3 = I3 X i3 + Fy, X (Zynip — Z¢,) + Fyy
X (X, = Xenip) + Fz,
X (X — Xe;) + T2 (15)
9 opol (lgstinl Juate gog0e g (B8l CumBoa Xinip) Zrnip B985 Lailg, 5
Abbise Conly b gily gogee g (B CuaBan S Xpk Zrk g Sely b,
b oly @ly easl cansay (13) sabaly wad o cdalin a4 (b les
oo (Rur) ooy B Jodll oS 695 31 (sl S 555 ol o) <ol
aily Joall Se (s350e (5955 gorme 5l (MU @2 () (eizmen 9 2SL
Luls, ooysl Cosoy jelatedy 0Bl oo (Rypn + Rprm) Sy by aey 5
IS5 ol lp Gt dolpe ol b 4 bae (Salns 5 (Slet
20,5

a0 Lb)sm ) th).u -4-11

Xc, = thip + d4 x sin(q4) (16)
Zc, = Zypip — dyg X C?S(lh) (1"
—Fy, — Fy, = my X X, ) (18)
—F,,—F,,—myxg=myx1Z, (19)

Ts + Iy X g + Fy, X (Z, — Zinip) + Foy

X (thip - Xc4) + Fxs

X (Zc4 - Zrhip) + Fzs

X (Xihip — X¢,) +73=10 (20)
Olaie @ 45 gac ool ol by b, (Salus Jow j0 a5 S0l )

235 (0 o plpl ) g0

éq')e -12

[1] D. J. Todd, Walking Machines: An Introduction to Legged Robots, Kogan
Page, London, pp. 190, 1985.

[2] C. L. Shih, W. A. Gruver, Control of a biped robot in the double-support
phase, IEEE Trans. Syst. Man. Cybern., Vol. 22, No. 4, pp. 729-735, 1992.

[3] H. T. Odum, Energy analysis, Science, Vol. 196, No. May, p. 261, 1977.

[4] X. Mu, Q. Wu, On impact dynamics and contact events for biped robots via
impact effects, IEEE Transaction.on Systems, Man,and Cybernetics. Part B
Cybern., Vol. 36, No. 6, pp. 1364-1372, 2006.

[5] M. Y. Zarrugh, C. W. Radcliffe, Computer generation of human gait

11 opleids 17 0995 1396 (yoip (e Suilke Swis

by cely b e 9 52

558 a4z s b ) A jsb s 8 1 5| sl oS
SS 56 ol )0 d(Ryrp) Cely gL aiily (s0g0e Jasdl S (59,05 cplplo
PSS ST g bog anils I3 0g5 jlade op iy jo 2SS
b 56 el 5l g wiS o (b 5B sl @y G, B 1) 055 (Js3 s,
JolS (o o re @ Jlade ol a5 il aalys jas lade o] slal
O N o =TI LW J PP O )

Cawly b gl -2-11

Xc, = Xk + d; X sin(qy) (6)
Zc, = Zyy — dy X cos(q2) )
Fy, =my X X¢, + Fy, (8)
F,,=my XZ,+myxXg+F, 9)

T, =1 Xy + Fy, X (Zyx — Z¢,) + Fy,

X (Xe, = Xe) + Fx, X (Ze, — Z1a)

+F, X (Xra—Xc,) + 71 (10)
35 0 (5050 g O ComBoa ] o Cndds Wllan O jgo 4 gac pa i
Sanly Sl 398 (s3g0e g (Bl Cundgo bl S Xey Ze, g0 pas 0

Bl e Gy Xy, 2y,

loly lagae aen 0y 550 Cundse Sules 5o Mg, nl 4l L
Aplg> Canddy Conl polas aliuss jo a5 Cwl) G Gb STje8 Condge
Coly b il gosas 5 B ConBse i @ Ko Zric 358 sy o el

Fig. 10 Robot right leg
by el b 3le 10 Sl

Fig. 11 Right foot thighs

10


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-15 ]

[ DOR: 20.1001.1.10275940.1396.17.11.45.5 ]

UKo 9 (LT Sddml oMb 1399

AT 5L 5 S8 a0 UlgT Siwdint 9 Sk b olrad L9 by 13320l e Sas i

721, 2004.

[12] M. Vukobratovi¢, J. Stepanenko, On the stability of anthropomorphic
systems, Mathematical Biosciences, Vol. 15, No. 1-2, pp. 1-37, 1972.

[13] H. F. N. Al-Shuka, B. Corves, W. H. Zhu, B. Vanderborght, Multi-level
control of zero-moment point-based humanoid biped robots: a review,
Robotica, No. February, pp. 1-27, 2015.

[14] P. Sardain, G. Bessonnet, Forces acting on a biped robot. Center of pressure-
zero moment point, IEEE IEEE Transaction.on Systems, Man,and
Cybernetics. Part A: Systems and Humans , Vol. 34, No. 5, pp. 630-637,
2004.

[15] M. S. Ashtiani, A. Yousefi-koma, M. Shariat-panahi, M. Khadiv, Balance
recovery of a humanoid robot using hip and ankle joints on small contact
surfaces, Modares Mechanical. Engineering., Vol. 17, No. 1, pp. 413-422,
2017.

[16] M. Vukobratovic, B. Borovac, D. Surla, D. Stokic, Biped locomotion:
Dynamics, Stability, Control and Application, Vol. 7, Springer Science &
Business Media, pp. 777-780, 2012.

[17] D. A. Winter, Biomechanics and Motor Control of Human Movement, John
Wiley & Sons, pp. 1-26, 2009.

11

kinematics, J. Biomech., Vol. 12, No. 2, pp. 99-111, 1979.

[6] A. Takanishi, M. Tochizawa, T. Takeya, H. Karaki, and I. Kato, “Realization
of dynamic biped walking stabilized with trunk motion under known
external force, Advanced Robotics: 1989, Springer, pp. 299-310,1989.

[7] Q. Huang, K. Yokoi, S. Kajita, K. Kaneko, H. Arai, N. Koyachi, K. Tanie,
Planning walking patterns for a biped robot, IEEE Transaction on Robotics
and Automation, Vol. 17, No. 3, pp. 280-289, 2001.

[8] K. Nagasaka, Y. Kuroki, S. Suzuki, Y. Itoh, J. Yamaguchi, Integrated
motion control for walking, jumping and running on a small bipedal
entertainment robot, Robotics and Automation, 2004. Proceedings. ICRA 04.
2004 IEEE International Conference, New Orleans, LA, USA, 2004, Vol. 4,
pp. 3189-3194.

[9] M. Rostami, G. Bessonnet, Impactless sagittal gait of a biped robot during
the single support phase, Robotics and Automation, 1998 Proceedings. 1998
IEEE International Conference, Belgium, Vol. 2, pp. 1385-1391, 1998.

[10] Z. Peng, Y. Fu, Z. Tang, Q. Huang, Online walking pattern generation and
system software of humanoid BHR-2, 2006 IEEE/RSJ International
Conference on Intelligent Robots and Systems, Paris, France, pp. 5471-5476,
2006.

[11] J. H. Park, M. Choi, Generation of an optimal gait trajectory for biped robots
using a genetic algorithm, JSME International Journal Series C Mechanical
Systems, Machines Elements and Manufacturing, Vol. 47, No. 2, pp. 715—

11 opleis 17 0995 1396 (yoie (w2 Suile waia


https://dorl.net/dor/20.1001.1.10275940.1396.17.11.45.5
https://mme.modares.ac.ir/article-15-10375-en.html
http://www.tcpdf.org

