We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



6

Dynamic Simulation of Single and Combined
Trajectory Path Generation and Control
of A Seven Link Biped Robot

Ahmad Bagheri

Peiman Naserredin Musavi
Guilan University

Iran

bagheri@guilan.ac.ir

1. Introduction

Recently, numerous collaborations have been focused on biped robot walking pattern to trace
the desired paths and perform the required tasks. In the current chapter, it has been focused
on mathematical simulation of a seven link biped robot for two kinds of zero moment points
(ZMP) including the Fixed and the Moving ZMP. In this method after determination of the
breakpoints of the robot and with the aid of fitting a polynomial over the breakpoints, the
trajectory paths of the robot will be generated and calculated. After calculation of the trajectory
paths of the robot, the kinematic and dynamic parameters of the robot in Matlab environment
and with respect to powerful mathematical functions of Matlab, will be obtained. The
simulation process of the robot is included in the control process of the system. The control
process contains Adaptive Method for known systems. The detailed relations and definitions
can be found in the authors” published article [Musavi and Bagheri, 2007]. The simulation
© process will help to analyze the effects of drastic parameters of the robot over stability and
€ optimum generation of the joint’s driver actuator torques.

om

online

§ 2. Kinematic of the robot

T The kinematic of a seven link biped robot needs generation of trajectory paths of the robot
with respect to certain times and locations in relevant with the assumed fixed coordinate
system. In similarity of human and robot walking pattern, the process of path trajectory

b generation refers to determination of gait breakpoints. The breakpoints are determined and

_‘% calculated with respect to system identity and conditions.

= Afterward and in order to obtain comprehensive concept of the robot walking process, the

O following parameters and definitions will be used into the simulation process:

g - Single Support phase: The robot is supported by one leg and the other is suspended in air

g - Double support phase: The robot is supported by the both of its legs and the legs are in

< contact with the ground simultaneously

g,_: Total traveling time including single and double support phase times. 7 -

@)

T.: Double support phase time which is regarded as 20% of T, -

c

Source: Humanoid Robots, New Developments, Book edited by: Armando Carlos de Pina Filho
ISBN 978-3-902613-02-8, pp.582, I-Tech, Vienna, Austria, June 2007
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-7, : The time which ankle joint has reached to its maximum height during walking cycle.

: Step number £ -
Ankle joint maximum height: H,-

- L, The horizontal traveled distance between ankle joint and start point when the ankle

joint has reached to its maximum height.
Step length: p -

: Foot lift angle and contact angle with the level ground q:d "

- A : Surface slope
- hs : Stair level height-

- H , : Foot maximum height from stair level

- X,;: The horizontal distance between hip joint and the support foot (Fixed coordinate
system) at the start of double support phase time.
- X,;: The horizontal distance between hip joint and the support foot (Fixed coordinate

system) at the end of double support phase time.

- F. C.S: The fixed coordinate system which would be supposed on support foot in each step.
-M.C : The mass centers of the links

- Saggital plane: The plane that divides the body into right and left sections.

- Frontal plane: The plane parallel to the long axis of the body and perpendicular to the
saggital plane.

The saggital and frontal planes of the human body are shown in figure (1.1) where the
transverse plane schematic and definition have been neglected due to out of range of our
calculation domain.

i -t

< . :> agittal

Erontal

A

Fig. (1.1). The body configuration with respect to various surfaces.

The main role for the optimum trajectory path generation must be imagined upon hip and
ankle joints of the robot. On the other hand, with creating smooth paths of the joints and
with the aid of the breakpoints, the robot can move softly with its optimum movement
parameters such as minimum actuator torques of joints (Shank) including integrity of the
joints kinematic parameters.
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The important parameters of the robot can be assumed as the listed above and are shown in
figures (1.2) and (1.3).

Hip joint

Zp, Xy

‘e

0e*

%‘fﬁ;‘;\ !

«

Fig. (1.2). The robot important parameters for calculation of trajectory path of a seven link
biped robot.

t=(k+DT,

t=kI, t=kT,+T,

Fig. (1.3). The variables of hip: X, X, .

With respect to saggital investigation of the robot, the most affecting parameters of the
mentioned joints can be summarized as below:

1) Hip joint

2) Ankle joint
Obviously, the kinematic and dynamic attitude of shank joint will be under influence of the
both of above mentioned joints. As can be seen from figure (1.2), the horizontal and vertical
components of the joints play a great role in trajectory paths generation. This means that
timing-process and location of the joints with respect to the fixed coordinate system which
would be supposed on the support foot have considerable effects on the smooth paths and
subsequently over stability of the robot. Regarding the above expressions and conditions,
the vertical and horizontal components of the joints can be categorized and calculated as the
following procedure. With respect to the conditions of the surfaces and figure (1.2) and (1.3),
the components are classified as below:

2.1) Foot angle on horizontal surface or stair
4y 1=KT,
-q, t=kT.+T
0.() = q PR
q, t=(k+DT,
9y =k+DT +T,
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2.2) Foot angle on declined surfaces
(A+q,) t=kT,

A=q, t=k[ +T,

6,(t)=
a() i“‘q/

A+q,

t=(k+1)7,
t=(k+DT, +T,

2

2.3) The displacements of Horizontal and Vertical Foot Traveling Over Horizontal

Surface or Stair

With respect to figures (1.2) and (1.3), the horizontal and vertical components of ankle joint

can be shown as below:

X o) = 1kD, + L

Zahm-(t) = H

Z stair =

2.4) The displacements of Horizontal and Vertical Foot Traveling Over declined Surface

xu.dec(t) =

kD,

s

kD, +1

an

l,/(1=cosg,)

sing, +---

‘ao

L(1=cosq,)
(k+2)D,

hgl\, +/

an

hg‘\, +lq,sinq,, +1,,cosy,

ao

)

(k-Dh, +1,,

(k=Dh, + ZU/ sing, +-+-
/,,cosq,
kh,+H |
(k+Dh, +1,
l,,c08q,
(k+Dh, +1,

sing, +--

1bh

kD cosi—I,,sind

an

(kD +1 )cosl+:--

l,,sing, _2)_111/’003@) -4
(kD +L, )cost

(k+2D, -1, )cost—--
lm,sin@, +i)+1”,,cosq,. +A4)

(k+2)D,cost—1,,sind

an

(k+2)D,~1, sing, —---

hge +l”,,sian. +lmcoy,.

t=k
t=kT +T,

-~

(=K +T,
t=(k+DT

t=(k+ DT 4T,

t

KT
kT +
t=kT +
t=(k+)T,
t=(k+D)T +T,
t=kT,

1=k +T,

Il
3

o

3

(= KT, +T,
t=(k+DT,

t=k+DT, +T,

t=kT
t=kT +T,

t=kT+T,
t=(k+DT,

t=(k+DT +T,
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kD sinA+1,,cosi t=kT
(kD +1,)sind+--- t=kT +T,
+1,,c08¢, —A) +1,,sing, — 4) @)
Z,d)=ykD + L, )sind+H, cosl  t=kT +T,
(k+2)D, —1,)sind+--- t=(k+1)T
l,,sing, + ) +1,,cosr/2~(q, + 7))
(k+2)D,sind+1,cosl t=(k+1)I +T,

Assuming the above expressed breakpoints and also applying the following boundary
condition of the robot during walking cycle, generation of the ankle joint trajectory path can
be performed. The boundary conditions of the definite system are determined with respect
to physical and geometrical specifications during movement of the system. As can be seen
from figure (1.2) and (1.3), the linear and angular velocity of foot at the start and the end of
double support phase equal to zero:

6,(kT ) =0

{9’,,((1( + T, +T,) =0

X, (kT ) =0

{xu((k+1)rc+rd)=o ®)
z (kT ) =0

{z‘a((k + )T, +T,)=0

The best method for generation of path trajectories refers to mathematical interpolation. There
are several cases for obtaining the paths with respect to various conditions of the movement
such as number of breakpoints and boundary conditions of the system. Regarding the
mentioned conditions of a seven link biped robot, Spline and Vandermonde Matrix methods
seem more suitable than the other cases of interpolation process. The Vandermonde case is the
simplest method with respect to calculation process while it will include calculation errors
with increment of breakpoint numbers. The stated defect will not emerge on Spline method
and it will fit the optimum curve over the breakpoints regardless the number of points and
boundary conditions. With respect to low number of domain breakpoints and boundary
conditions of a seven link biped robot, there are no considerable differences in calculation
process of Vandermonde and Spline methods. For an example, with choosing one of the stated
methods and for relations (7) and (8), a sixth-order polynomial or third-order spline can be
fitted for generation of the vertical movement of ankle joint.

2.5) Hip Trajectory Interpolation for the Level Ground [Huang and et. Al, 2001] and
Declined Surfaces
From figures (1.2) and (1.3), the vertical and horizontal displacements of hip joint can be
written as below:
kD, +x,, t=kT,
xh.Hur, = (k + I)D\ - ‘xxd t= ch + Td (9)
o k+1)D, +x,, t=(k+1T,
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(kD, +x,,)cosA t=kT,
'xh,Dec: = ((k+1)Ds _'x‘\'d) COSZ = kT: +T;J (10)
(k+1)D, +x,,)cosd t=(k+1T,

Hhmin t= kTL
Zh.H()r, = Hhmax t= kT; + 5(71 - Td) (11)
Hhmin r= (k + I)TL
H, .cosA -t kT,

(kD, x,)sinA

H, . cosA -t kT 5T, T,) (12)
Z )y Dec
o pec. (kD, x,,)sin A

H, .cosA -, t (k DT,

(k DD, x,)sinA,

(k _l)hs +Hhmin r= k’[;
Zslair = kh\ + Hh max t= kTL + S(TL - Td) (13)
kh,+H, . t=(k+1)T,

Where, in the above expressed relations, H i and H i indicate the minimum and
maximum height of hip joint from the fixed coordinate system. Obviously and with respect
to figure (1.2), the ankle and hip joint parameters including X,z and X,,Z, play main

role in optimum generation of the trajectory paths of the robot. With utilization of relations
(1)-(13) and using the mathematical interpolation process, the trajectory paths of the robot
will be completed.

xhip - xa,xwing xa,sup - xhip

iz, —z
_ H = “hi a,su|
Zhip Za,xwini; H i i

Fig. (1.4). The link's angles and configurations.

Regarding figure (1.4) and the trajectory paths generation of the robot based on four important
parameters of the system (X, ,Z, and X, , z, ), the first kinematic parameter of the robot can

be obtained easily. On the other hand, with utilization of inverse kinematics, the link's angle of
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the robot will be calculated with respect to the domain nonlinear mathematical equations. As
can be seen from figure (1.4), the equations can be written as below:

l,cos(r—6,)+1,cos(r—6,)=a

I, sin(z—6,)+1, sin(x—6,)=b (14)

1, cos(6,)+1, cos(8,)=c (15)
1, sin(0,)+1, sin(0,) = d

Where,

a=X, sp = Xnip

b= Zhip ~ Zasup

C=Xpip = X swing

d= Zhip ~ Zaswing

The all of conditions and the needed factors for solving of the relations (14) and (15)
have been provided. The right hand of relations (14) and (15) are calculated from
the interpolation process. For the stated purpose and with beginning to design
program in MALAB environment and with utilization of strong commands such as
fsolve, the angles of the links are calculated numerically. In follow and using
kinematic chain of the robot links, the angular velocity and acceleration of the links
and subsequently the linear velocities and accelerations are obtained. With respect
to figure (1.5) and assuming the unit vectors parallel to the link's axis and then
calculation of the link's position vectors relative to the assumed F.C.S, the following
relations are obtained:

-
0
0
0
0
D

Fig. (1.5). The assumed unit vectors to obtain the position vectors.

7 =1, (cos(B, . +q ) +sin(f,, +q,)K) (16)
7 =(ly cos(f,, +q,)+1, cos(6, — )] (17)
+(, sin(0, — ) +1,sin(B,, +q,)K

7y =l cos(B,, +q,)+1 cos(6, — 1)
=1, cos(m—0, + AN + (I, sin(6, — 1)
+1,sin(B,, + q/‘) +1,sin(r -0, + 1)K

(18)
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7y, =(l,cos(f,, + qf) +1,cos(d, — 1)
—1l,cos(r =6, +A)—1,cos(0, —A)]
+(/,sin(6, = A) +1,sin(B,, +q,)

+1, sin(r — 6, + A) =1 5 sin(6; — 1)K

(19)

7, =(l, cos(B,, + q,)+1 cos(6, - 1)

—1,cos(mr -6, +1)—1, cos(6;, — 1) (20)
—1.,co08(8, —A)I +(I;sin(f, — 1)

+lysin(B,, +q,)+1,sin(r -6, + 1)

—1I,sin(@, —A) -1, sin(0, — 1)K

7 = (lycos(B,, +q,)+1 cos(6, — 1)
—lcos(xr—6,+A)—1cos(6, — 1)
~1,c08(0, = A) 1, cos(r/2= A+ B, . —q)] 1)
+(l;sin(6, — A) +,sin(B,, + q_/.)
+ L, sin(z — 6, + A) — [,sin(6, — 1)
—lsin(0, - ) =L, .sin(m /2= A+ B, —q,)NK
P =y cos(B,, +q,)+1 cos@ — 1)
—l,cos(r—6,+ )+, cos(z/2—-6,, —A)I (22)
+(l, sin(@, —A) +/,sin(B,, +q,)
sin(z/2-0,, —A)K

As can be seen from relations (16)-(22), the all of position vectors have been calculated with
respect to F.C.S for inserting into ZMP formula. The ZMP concept will be discussed in the
next sub-section. Now, with the aid of first and second differentiating of relation (16)-(22),
the linear velocities and accelerations of the link's mass centers can be calculated within
relations (23)-(29).

+1,sin(r -6, + 1)+

tor

Vo = 1,8y (=sin(B,  +q,)] +cos(B,. +q,)K) (23)
v, = (~,@, sin(B,, +q,)—1,& sin(6, — )] (24)
+(1,,@, cos(6, — A) + 1, cos(f,, + q, NK
v, = (=l,@,sin(B,, +q,) — L@, sin(6, — 1)
—1,@,sin(wr =6, + 1)) + (1,0, cos(6, — 1)
+1,@, co8(B,, +q,) — 1,0, co8(r — 6, + 1)K

vy = (=L, sin(B,, +q,)—1,@,sin(6, — 1)

(25)

— 1,0, sin(r — 0, + 1)+ 1,0, sin(6, — 1))] (26)
+(/,@, cos(6, — A) +1,@, cos(B,,, + q,/')
—lLw,cos(x -6, + 1)1 ,0, cos(6, — 1)K
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v, = (=L@, sin(B,, +q,)—1,&,sin(6, — 1)
— Lo, sin(r — 0, + 1) + 1,0, sin(0, — 1)
+1.,0,si0(6, — ) + (&, cos(6, — 1)
+1,0, cos(B,, +q,)— 1,0, cos(xr =0, + 1) -
L@, cos(0; — A)—1 @, cos(6, — 1)K
vy = (@ sinB,, +q,)— @ sin@ - 1)
—La,sin@w—06, + ) +Lay sin@, — 1)
+1,0,8in@, — )L, asin@/2— A+ f, .. —q,))] (28)
+(l@gcos@ —D+l@cosB, +q,)
—La,cos@—6, +A)—L,a,cosf, — 1)
~1,6,cos@, — D)+, acos@/2—A+ B, .. —q,)K
Vi =(Ho@ sin@B,, +q,)—L@ sin] =) —
Ly, sing—6, + D) +1,m,,sin@/2—-6, — ) (9)
+(a@l, cos@ —A)+1,a,cosfB,, +q,)
1,8, c08(r—0, +) =1, o5t/ 20, ~ DK

r

(27)

Accordingly, the linear acceleration of the links can be calculated easily. After generation
of the robot trajectory paths with the aid of interpolation process and with utilization of
MATLAB commands, the simulation of the biped robot can be performed. Based on the
all above expressed relations and the resulted parameters and subsequently with
inserting the parameters into the program, the simulation of the robot are presented in
simulation results.

3. Dynamic of the robot

In similarity of human and the biped robots, the most important parameter of stability of
the robot refers to ZMP. The ZMP (Zero moment point) is a point on the ground whose sum
of all moments around this point is equal to zero. Totally, the ZMP mathematical
formulation can be presented as below:

D m(geosA+z)x, =Y m(gsind+%)z, - 1,6, (30)

i=1 i=l i=1

X =

zmp

Zm,(gcosxl+2,.)

i=1
Where, ¥, and z, are horizontal and vertical acceleration of the link's mass center with

respect to F.C.S where § is the angular acceleration of the links calculated from the

interpolation process. On the other hand, the stability of the robot is determined according
to attitude of ZMP. This means that if the ZMP be within the convex hull of the robot, the
stable movement of the robot will be obtained and there are no interruptions in kinematic
parameters (Velocity of the links). The convex hull can be imagined as a projection of a
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pyramid with its heads on support and swing foots and also on the hip joint. Generally, the
ZMP can be classified as the following cases:

1) Moving ZMP
2) Fixed ZMP

The moving type of the robot walking is similar to human gait. In the fixed type, the
ZMP position is restricted through the support feet or the user's selected areas.
Consequently, the significant torso's modified motion is required for stable walking of
the robot. For the explained process, the program has been designed to find target angle
of the torso for providing the fixed ZMP position automatically. In the designed

program, ¢, .. shows the deflection angle of the torso determined by the user or

calculated by auto detector mood of the program. Note, in the mood of auto detector,
the torso needed motion for obtaining the mentioned fixed ZMP will be extracted with
respect to the desired ranges. The desired ranges include the defined support feet area
by the users or automatically by the designed program. Note, the most affecting
parameters for obtaining the robot's stable walking are the hip's height and position. By

varying the parameters with iterative method for x,,, X, [Huang and et. Al, 2001] and

choosing the optimum hip height, the robot control process with respect to the torso's
modified angles and the mentioned parameters can be performed. To obtain the joint’s
actuator torques, the Lagrangian relation [Kraige, 1989] has been used at the single
support phase as below:
o (1)
7, =H(q)§+C(q,9)q+G(q;)

where, j=0,2,---6 and H,C,G are mass inertia, coriolis and gravitational matrices of the
system which can be written as following;:

_}%1 hy hy hy hs }%hl?_ —q] G, Gy Gy Gs G q7_ G,
h2| hzz hz3 hz4 hzs /’12(,1’57 G Gy Gy Gy Gs Gy Gy Gz
H(q)= hsl /"32 h_;s h}4 1"35 hsehn QAq.d)= G Gy Gy Gy Gs G Gy G(q) _ G3
h41 h4z h43 h44 h45 h4sh47 ’ G Gy G Gy Gs G Gy G,
by hy by by ks hhy G Gy G Gy Gs Ge G Gy
_hm hy s hy B hmhm_ LG G2 G3 Goa Gos Ges Gl G |

Obviously, the above expressed matrices show the double support phase of the movement
of the robot where they are used for the single support phase of the movement. On the other
hand, the relation (31) is used for the single support phase of the robot. Within the double
support phase of the robot, due to the occurrence impact between the swing leg and the
ground, the modified shape of relation (31) is used with respect to effects of the reaction
forces of the ground [Lum and et. Al. 1999 and Westervelt, 2003, and Hon and et. Al., 1978].
For the explained process and in order to obtain the single support phase equations of the
robot, the value of ¢ (as can be seen in figure (1.4)) must be put equal to zero. The

calculation process of the above mentioned matrices components contain bulk mathematical
relations. Here, for avoiding the aforesaid relations, just the simplified relations are
presented:
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h,, =[m (% +1 1, cosg, — @) [+[m, (I} +1, +11, cosg, —p)+1 1, cosg, — @)+

21, cosg, —g N +Imy (] +155 +1 +11, cosq, —@)+1,1, cos@, — @) —L 1, cosq; +@) +++-
211, cosg, —q,)—211 ; cos@g, —q,)—2L,1 , cos@q, —q))+[m, (I} +1 +1 +12) +-+-

1, cosq, —@)+1,1, cosg, —p) -1, cosg, —p)—1 I, cosCq, + @) +2 ], cosg, —q,)—--

211, cosg, —q,) 21l , cosg, —q,)—2L,l; cos@, —q,)—21,1,, cos@q, —q,)+21 I, cosg, —q,)) ]+
[mg (ll2 +122 +I32 +If +I§,{i~wing+llle cos@, —@)+1,1, cosg, —p) L1, cosg, —p)—--

1,1, cosg, — @) —lth,winz‘]e cos@p—(7/2)+ Q_;§ang—ﬁ,<§wfng) +211, cosg, —q,)—21,l;cosg, —q,)—--
211, cosq, —q,) —ZIIICﬁngcos@l —(/2)+ q/‘.wmg—ﬁfwmg) =211, cosg; —q,)—+-

21,1, cosq, —q,)—2L,1 Lﬁwmgcosgz —(7/2)+ 9 foving— ﬁfsW,.ng) +2L,1,cosg, —q;)+

2l f0ing€O8G, —( /2) +q ﬂw%ing_ﬁﬁwing) + 20 01, C08G; — (7 /2)+ q_/&wing_ﬁfSMfing))]+' o

[m, (I} +15 +1,, +11, cosq, —@)+1L1, cosg, —p)+LL,,..coscq,,.,—P—(mr/2))+:-

211, cosq, —q,)+211,,,.,c05q,,.,—49 —(x/2))+2L1,  cosq,,.+q, +(x/2)+1, +1,+--
L+1,+1+]

torso

.0-.0..0..0.no.noo-o.l.o.o..oolooc.0..0'.0.ao.noo-o.noo-ool.0-.0....

hy, =[m, (C)1+[my (7 +12, + 21,1, cosq, —g ) +[m, (7 +1; +1 +211, cosg, —q,) —+-

211, cosq, —q;)—2L1 5 cosq, —q))+[m, (I +1 +1; +12, + 211, cosg, —q,) -+

211, cosig, —q,) 211, cosg, —q,)—2L,1; cosg, —q,)—2L,1,, cosg, —q,)+21 I, coslg, —q,)) ]+
[m; (l,2 +122 +l32 +lf +lC‘2/>.W.ng+2l,l2 coslg, —¢q,)—21l, cosig, —q,)—2l,l,cos@g, —q,)—+
211 C_,ﬁ.w,"gcos@, —(7/2)+ 9 foving — ﬁﬁ.w,.ng) =21, coslgy —q,) -2, cosg, —q,)—
21214'/.&'wingcos@2 —(z/2)+ 9 foving —ﬁﬁwmg) +2L1, cosig, —q;)+-

214lc_'/&wingcos@4 —(r/ 2)+q‘/ﬁvwing_ﬁ‘ /,'S'wing) +2[31(_fi'w'ingcos@3 —(7/2) +q/s-wmg_:5 /&wing))]-‘r' -
P+ +0

ctorso

[m

tor

+ 2ll 12 COS@Z B ql ) + 2ll lz't()ﬁ\‘ocos(_qt(mm - QI - (ﬂ'./ 2)) t+ee
201 10150€08@G 0o+ @ (I )L+, + L+ 1, + 1+

torso

....................................................................
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hy, =[m, (I, +11, cosq, —g ) +[m, (55 +1% +1,1, cosg, —q,) —1,L, cos@, —q;)—+

21,1, cosig, —q,)) ]+ [m (L +1; +12, +11, cosig, —q,)—1,L; cosig, —gq,) —-

L1, coslq, —q,)—2L,1; cosg, —q,)—2L,1 , coslg, —q,) +21 I, cosg, —gq,)) ]+

[m_.S(IZ2 +l32 +lf +lf/.wm,+lll2 coslg, —q,) =1, coslg, —q,) -1/, coslg, —q,)—

Illé_ﬁ.w,.,,gcos(ql —(7/2)+ 9 foving — ﬁﬂwmg) —2L,1; coslg, —q,)—2L,1, coslg, —q,)—+-

212IL‘,/§W,.@cos(q2 —(7/2)+ 9 fowing —ﬂ/.wmg) +20.1, coslg, —q;)+-

2,1 L‘,M.ngcos(qzl —(7/2)+ 9 foving — ﬁ_/ﬁ\'wing) + 213I(,/S,w,.”gcos(q3 —(7/2)+ 9 foving — ﬂﬁwing))]'f‘ ‘e

m,, (; +L,,., + 11, cosg, —q,)+11,,.,c08q,,.—q — 7/ 2)+2LL,, . co8@,,., +q, +(7/2)]

+L+ L+, + 1+

torso
......'..............................'...........................'.
h,, =[m, (133 =1l 508§, —q;)—1,1 5 cosg, —q;))]+[m, (132 +l§4 =l cosg; —q,)

I, c08, —q,)— 115 cos@q; —q,) =11, €08, —q,) +21 415 cosg; —q,))]+[my (132 +l§ e
lfﬁi‘mfing_IIIS 008@3 _ql ) _1114 COS@4 _ql) _lll(jﬁi'w'ingCOS@l _(7[/2) +q_[i'w'ing_ﬁﬁ§w'ing) -

Ll cosg, —q,)—1,1, cosq, —q,) _IZZL_'/[VWI'ngCOS@2 _(ﬂ./z)+q_ﬁ%W'ing_ﬂ_ﬂ§wfing)+2]3l4 coS@, —q;)++-
2141(:/:vwingcos@4 _(”/ 2) +qﬂvwing_ﬁﬁi'wf/ng) +213lz;/kwingcos@3 _(72-/2) +q‘/&wing_ﬂ/jvwing))]+ [3 +I4 +15

.o.aocao-oo-aooooo.occoo.oo-oo-ao.aocao-oocaooooo.oo..o.oo-oo.no-oo.
hys =[m, (I, — 1,1, cos(q, — q,) — 1L, c08(q, —q,) +1.4; cos(q; — g, )]+ [ms(l; +--
l:/fs'wing _lll4 Cos(q4 _ql)_lll(j\'wfng cos(ql _(”/2)+q_/xwing _IB/,'vwing)_1214 Cos(q4 _q2)_

lZL_'/ﬁYw[ng cos(g, —(7/2)+ 4 fiving — ﬁfvwing) +141, co8(q, —q;)+++
21419‘/&\4![ng Cos(q4 - (” / 2) + q‘/.vwing - ﬁﬁkw’ing) + Z3Z(j/j'wing Cos(q3 - (ﬂ. / 2) + q_fxwing - IG/I\'Wing))] + 14 + IS

...l.....l.l................l...l.l.....l.l.....l...................

h16 3 [mS (lc_’zl.’vwing i ll lQ’ﬂ%w’ingCOS@] T (ﬂ./ 2) + q_/.’vwing 1 ﬂ_/xwing) - ZZZL_'/,'wingCOS(qZ - (ﬂ./ 2) + q_/[vwing - ﬂ_/xwing)
+ l4la_¢vwingcos(q4 B (ﬂ-/ 2) + q‘/{\*wing ~ ﬂ/%wfing) + lﬂq/.i‘wingcos(q?’ - (ﬂ./ 2) + q_/f\'wing - ﬂt&wing))]+ ]5

.ool.o.lo.lo'.o.."..ol....o.lonlQ'.Q..Q'l.o..o.'onloulo.lo'.o...'..

h17 = [mrt)rm (ljtorxo + Zl lcmrs() cos(_qton\'o - (ﬂ. / 2) - ql) + IZIL‘I()rS() cos(qmrxo + (ﬂ. / 2) + qZ ))] + I!om,\'o

.0-.0..0..0.no.noo-o.l.o.o..oolooc.0..0'.0.-o.noo-o.noo-ool.0-.0..0.
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hy, =[my (I3, +1,1, c0s(q, = @) + 1., cos(qy — g ) ]+[my (15 + 15 + 1,1, cos(g, —p) =+

151, cos(~q, + @) + 1,1, cos(q, —q,) — 1,15 c0s(q, —q;) — 21,1, c0s(q, — g, )+ [m, (I3 +15 +12, +---
L1, cos(g, —p) -1, coslg, —p)—1 1, cos(—q, + @)+, cos(q, —q,)—1,/;cosqg; —q,)—--

L1, coslg, —q,)—2L,l; coslg, —q,)—21,1., cos(q, —q,)+2 .1, coslg, —q,))]+

[y (I3 41 +13 415,100+ o1, 08, =) =131, cOS(g; =) 1], cos(g, — )~

Ligwinde COS@—= (T 2) +q g = Brssing) + i1z €08, —qy) =115 coslgy —q,) =+

l1,cosq, —q,) _lllq/kwing coslg, —(7/2)+ 9 fvving _ﬂ_/xwing) =20, cos(q; —q,)—-

20,1, €08, —45) =211 5,10 €08(Gy — (T 2) + G i — Briving) + 231, €08(q, —q3) +++-

2] fi0ing €08 — (7 2) + G rsing = Browing) T 2151 0ing ©08Gs = (71 2) + G g = Brning )+

[0 (13 + L2+ 1l €OS@s = 9) +11,1,15,€08,, — 9~ (71 2)) + 1], cOS(G, —¢,) +++-

ll lct()rm COS(_qmr.\'o - ql - (ﬂ- / 2)) + 2121c‘t()r.\'() cos(qtorxu + q2 + (ﬂ-/ 2))] + ]2 + 13 + ]4 + ]5 + I

torso

.o.n...0.....o.....ol...........0...l.o......0.....0..0........o....

hy, =[m( 32 +141,c08¢, —q) I+ [”’6(122 + 1(23 +4l,co8g, —q)—1l;co8q,—gq;) =+
2L ;cosg, _‘J3))]+[m4(122 +132 +lf4 +11,cosq, —q,)— il cosg —q,)—1l.,cosq —q,)— -

2Ll cos@, —q,) 211, cosq, —q,)+2L Licosq, —g N +5 +1L +1y A

cfswing
L1, co8q, —q,) — Ll cosqy —q,) — 11, €086, = 4) —hl.00in08G — () 2) + G yying Brrwing — 2l €08G; — )+
—-2L1,cosg,—q,) -2l foninCOSGs —(7/2) G fing— ﬂﬁwmg) +20],cosg, —q;)+
2 i gcos@4 —(7/2) 4 fing— ,6_',_.\.wmg) + 21311__,5.‘4,,1.,,gcos@3 —(7/2) Y fing— ﬂmm g))]+. .
[m, (&> +L,,.+11,cosq, —q) +1L,,,., 086G, —q —(7/2)+ 2L,

ctorso

L+L+1+1+]

torso

Cos@lom‘o—‘qu + (72'/2))]-‘1‘ e

10rso

......‘.Q..O.............Q.................................‘........

h,,=[m, (132)]"'[””3 (122 +lc23 =211 5 cosg, —q;)) Hm, (lz2 +l32 +l§4 =21, cosg, —q,)
21, cosg, —q,)+2 1, cos; —q,)) Hms (122 +132 +l§ +Zjﬁ§w1ng_2]213 co8¢; —q,) 2,1, cos, —q,)— -
2]214_’/.’vwingcos@2 _(ﬂ-/ 2)+Q_[mving_ﬂ_/{vwing)+2]314 COS@4 _q3)+2]4lcfvw[ngcos@4 _(72./ 2)+Q[§L¢r/ng_ﬁﬁ§vv'ing)+' .

2]31LfvwingCOS@3 _(ﬂ./ 2’)+qﬂm'il1g_ﬂﬁw’ing))]—*_[mmr(IZZ +l§torxu+2]210tomucoS@tom‘u-‘qu +(7Z./ 2))]+ o
L+L+1,+1+1

torso

.o.n...0......0...............lno...l.o...l.o..ol.o...o.o......0....
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h,, =[m, (I3, —1,1, cosg, —q,) 1 [m, (I3 +12, —1,1, cosq, —q,) 1,1, cosq, —q,)+2L ,I; cosG; —q,) H+
[y (]32 +l§ +lj/&w‘ing_l213 cosl; —q,)—1,1, cosg, _qz)_lzlq‘ﬂi'vt’ingCOSQZ —(7/2) +q /%;1fing_ﬁ/§l1fing e

21, c08¢, =q3) 2 L 001 €8s (T 24 q oving Browind T 23l insineCOSC —(T/ 2) 4G ine Brinind 1+
L +1,+I;

..lI..I..l..l..l..l.'...l.....lI.ll.....l..IQ......'...IQ....ll.....

hys :[m4(lf4 —1L,1.,c084, —q,)+1 41, cosq; —q,)) H[m (lj +ljﬁ'\'wing_12[4 cos, —q,) =
IZIL_'/SwingCOSQZ _(ﬂ-/ 2) +q/§wing_ﬂ_/§wing) +1314 COSQ4 _q3)+2]4lq/&wingcosq4 _(72-/ 2) +q/§w'ing_18/§win e
L oninO8Gs =1 2) + G 1= Brinind ) 1 Ly + 15

.O...........................................Q......................

h26 :[n/lS (lcszvwing_ lZIL_'/S‘wingCOSQZ _(ﬂ./ 2) +qx§w!ing_ﬂﬁ§»ving) + l4lcﬁwingCOS@4 _(ﬂ’-/ 2) +qLVW'ing_ﬂAYW'ing) e

l3lcf\'wingCOS@3 - (7[/ 2) + q_/f\'wing_ ﬂ_/.i‘wing))]-‘r 15

..ll.....l..l.......'...l.....ll..l.....l..............l..l...l.....

2
h27 = [mlor.m (lctorso + IZIL‘IUI‘A'() Cos(qtor.\'o + (ﬂ-/ 2) + q2 )] + Itor.s‘o

‘.......‘...........l.'.............................................

h,, =[my (I, — 1,1, costq, + @)~ 11 ; cos@, —q;) — L1, cosq, —q,) 1+ [m, (I + 12, -

LI, cosg, —p)—1 41, costq, + ) -1, coslg, —q,)— 1|l , coslg, —q,) —1,l; cosg; —q,) — -

L1, €08, —q,) +21 41, cosgs g )1+ [ms (5 +1 +1,,..— L], cos@; —p)—-

1,1, cosg, —p) _lcj/.'vwingle coslp—(7/2) +q_ﬁ§wing_ﬂﬁYW'ing) -1, coslg; —q,)—-

ll,cos@, —q,) —llltﬁ,w,m’,cos(ql —(7/2)+ 9 fvving —ﬂﬁwmg) =Ll coslg; —q,)—+-

L1, cosg, —q,) —lzlcﬁw,.y,gcos@2 —(7/2)+ 9 fvving — ﬂﬁwmg) +2,,cosg, —q;)+:

21,1 L_,ﬁ.w,.,,gcos@‘t —(7/2)+ 9 foving ﬁf&.w,ng) + 2131(_./3.w,.ngcos@3 —(7/2)+ 9 foving — ﬂtkwmg))]+ L+1,+1

.o.nol.0....no.....ol..0......lno...l.o...l.o..ol..0..0.....0..0....
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hy, =[m, (%, =11, cos@g, —q;) — L1 ; cos@, —q;)+[m,(I; +17, =11, cosg, —q,) -+

11, cosq, —q,)— Ll cosq, —q,)— 1,1, cos@, —q,)+2L 15 cos@q, —q, ) +[ms (I3 +1F +-+
lfﬁ\,w,.,,g—l,@ cos@, —q,) -1, cosg, —q,) —Z,l‘:fi,w,ingcos((], —(7/2) +qf\'wi)7g_ﬁ_/.§wing) —e

L1, coslg; —q,)—1,1, cosg, —q,)—1,! L_.,,‘,ngcos@Z —(z/2)+ 9 fowing— ﬁﬁvw,ing) +2/.1,coslg, —q;)+-
2 osing€08Gs = (7] 2) + G fing = Broving) + 25l efining€05@s = (7! 2) + G yping = Bronind 1+
L+1,+1

.o.nol.0......l....ol..0......lno...l.o...l.o..ol..l..o.o...o..o....

hy; =[my( 53 —L,1 5 cos, —q; ))]"‘[m4(l32 +134 —Llyc08¢; —q,) 1,1, 084, —q,)+2 ,; cosg; —q,)) H -
[y (132 +Z§ +lffj'wfing_12[3 cosl; —q,) 1,1, cosg, _qz)_IZILﬁ'wingCOSQ2 —(7/2) +q ﬁ§wving_ﬁ/3'w'in9+' -

2, cosg, _QS)+2]4ZL‘/.'\'wingCOSQ4 —(r/ 2)"“]_ /.'\'wing_lg_/f\'winé)+2]3lc/f\'wingCOSQ3 —(7/2) +q f&wring_ﬂ_ﬁi'1viné))]+' -
+I+1,+

.o.nol.0......l.0......0......lno...l.o'..l.o..ol..l..o.o...o..o....

hy, =[my(I2)]+[m, (15 + 12, +21 415 cos(qy —g )+ [ms (55 +13 +1

21414'/.'vwing COS(q4 - (”/ 2) + q»/.'vwing - ﬁﬁ%wing) + 213[0/[9\4!in COS(q3 - (”/ 2) + q»/.'cwing - ﬂﬁbwving))] +--
+ 1, +1,+ 1

+201, coslg, —q;) +++

@:ccccceccccccccccssccsssscssscsssccssscssecsscscsssscssccsscccsscccse@
has = [my (12, +140, c08(qy — g )]+ Im (13 + 12,0, + 1, COS(G, — )+

2L g €O — (T 20+ @ g = Brswing) + sl sning €0S@s — (71 2) 4 G g = Brnin N L +14
@:cccccccccccccccscsscscsscsccsssssccsssssscssssssccssscsccscsccccs@
g =0l €05~ D+ i Biind il €038~ D+ = B s
@ccccrcccccccccccccssccssscsccssscssscsssssccssscsccssscscccscscsce @

h37 =0

.o.nol.0.........l.ol..0......lno...l.o...l.o..ol.....0.....0.......
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h,, =[m, (2, =L, costq, +@) 1L, cosg, —q,) L1, cosf, —q,) +1.,I5 cosq; —q,)) H-

(1503 + 11 €OSQy =D)L gy COSO~(T/ D+ 10 B~ €084, =) =+

Il L_./Mﬂgcosql —(7/2) 4 fowing— ﬂ_/&wmé) -1, cosq,—q,)—1,! L_.,Mngcosqz —(/2) G foving™ ﬂ_/sW;nQ +---
L1, cosq, —q;)+2,1  fowin gcosq4 —(/2) +G fing— ﬂ/}.\,w,n Q +l3l(ﬁw,.n gcos@3 —(7/2) G fing— ,b_’/'.\,wm s))]+' .
I, +1

.ooloc.o..o.IQO.Q.lo'..0.0...oulol.Q.lo..o.loouoo..'.Qolo.u.ol.ou.o.

by, =[m, (12, 41,4 c08G, =) =1, €OSG, —q,) +1. 415 cOSGs —q, ) [my (U +13/:ywmg_' "
lll4 COSQ4 _QI ) _lllc_'/.'s'wingcos@l _(7[/ 2) +qﬂwfing_IB_f%t1'iné) _1214 COSQ4 _qZ) -
IZZQ'/,V&t'ingCOSQZ —(7/2)+ q /&'wing_ﬁ_/'\'wing) +1,co8, —q;)+ 2]414'/&wingcosq4 —(7/2)+ q/,'\'wing_ﬁ/f\'winé) e

lJc/fvwingCOSQB _(ﬂ-/ 2) +qﬁky¢'ing_ ﬂﬁv»ving)]+ 14 + ]5

.0..0..00.0.-0..00-0.l.o.o.c.0..0..0..0..0..oonool.0-.0-00..0-.0..0.

hy,=[m, (134 =11, c084, —q,)+1 41, cosg; —q,)) H-[m (ZZ +lf[§'wing_l2l4 cos, —¢,) "+

l2qui‘wr'ingCOSQZ _(7[/ 2) + qﬁ§w’ing_ﬁﬁ§»t’in&) +Z3I4 COSQ4 _q3 ) + 2]41(_fi'w'ingCOSQ4 _(”/ 2) + qﬁbwing_ﬁﬁ¥W'in&> +e

l3lcﬁ\'wingCOSQ3 - (ﬂ-/ 2) + qﬁkwfing_ ﬂﬁ%w'iné))]+ 14 + ]5

‘o.lon.o..o..0..o..o..lo.oo..Qllo.lo..o..on.0..0......0.0..'0..0..0.

h,, =[m, (I, +1,1, cos(q, —q,))]+[m (] +l§/.'\'wing -1, coslg, —q,)+151, coslg, —q;)+-
21414'/Sw1'ng COS(q4 - (ﬂ-/ 2) + q»/j'wing - ﬁﬂ%w’ing) + l3lqﬁ§wing COS(q3 - (7[/ 2) + CI/,'vwing - ﬁﬁ&wring))] + 14 + 15

....................................................................
h,; =[m4(lf4)]+[m5 (l42 +lj/,'\'wing +2l4lq/ming cos(q, _(”/2)+q_/f\'wing _ﬂ_f.i'wing N+, +15
............'.'................'...........'........................

h46 = [mS (Ic_'zﬁrwing +l4laﬁ'wing Cos(q4 _(77’-/2)+qﬁwmg _ﬁ_/‘&‘wing ))]+15
@ccccccecccccccccccccscccseccsccsccccccccscscccscsccsccsccccccccccccce@

h47:0

................................0...................................
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51 _[mS( cfswing L/swmg COS@ (7[/2)+q/swmg ﬁ/swmg) ll cfswing COS@I _(7[/2)+q/§wing_ﬁﬁ§wving)_' o
l lcfswingCOSQZ _(ﬂ-/ 2) +qf&»ving_ﬁ/§»ving +l lc/swmg 0S@4 (ﬂ./ 2) +q/5wmg ﬂfawmg) +-

l lc/swm COSQ3 _(ﬂ/ 2) +qﬁ§vving_lgﬂw7ing))]+]5

.0..0..0..0.-.loooclll.oco.c.0..0..0..0..0..oo.oollolooco.c.ocooc.o.

h52 _[n/IS(LfvwmA_l lc/‘\wmg OSQI (ﬂ/2)+qf&wmg ﬂ/xwmg) c/&wmg OS@Z (7[/2)+qfswmg ﬂf&wm +-
llz/w/ng OS@4 (ﬂ/2)+q/mmg ﬁ/vwmg)—i_l l(/mmg 08@3 (72./2)+q/§wmé_ﬂ/s'wméb)]+1

.0..0..00.0.-0..00.0.l.o.o.c.0..0..0..0..0..oo.ool.0-.0.00..0-.0..0.

[mS (szsmng lc/i'wing COS(qZ - (ﬂ- / 2) + q»/&wing - ﬁ/&w'ing) teee

l4lcj/{i‘mfing COS(‘]4 - (ﬂ-/ 2) + q_/.'\'wing - ﬂ_/ﬁ\'wing) + 1311_‘/.'\'wing COS(q3 - (ﬂ-/ 2) + Q_/[ywing - IB_/&wing ))] + 15
‘..'..............................'.................................
54 _[n/IS( Lfswm;, LfswtnngSQ4 (”/2)+qfswmg_ﬂfawng)+l lc/awln;,QOSQS _(”/2)+qf&wing_ﬁf&win9)]+15

.........‘.....‘.....................‘.....‘..‘...........O.........

55 - [mS (lcfmmg lcj/.'vwing COS(q4 - (ﬂ. / 2) + Q_/[vwing - ﬂ_/&wing ))] +1

‘........‘.....‘.....................‘........‘...........O.........

h56 - [m (lc/mmg5 )] [5

....................................................................

h57 =0

.o.....0.........l.o..l........no.o...o......0........0.0...........

h [m(lSStOI"SO(lmr + lthor COS(_qwrw (72-/2) (0) + ll tor COS(_qtorsu - (7[ / 2) - ql ) +ee-
2 tor Cos(qlorm + (ﬂ./ 2) + q2 ))] + [lmvo

.o.n.lno....n.lioo.ol..o.o...olno...l.o'l.lao......l..o.o.l.o..ol...
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h62 = [maSStorsdlrir + llltor COS(_qlorso - (ﬂ./ 2) - ql ) + ZZZlor COS(qmrso + (7[/2) + q2 ))] + ‘[tnrsn

.O..................‘.........‘.....................................

2
tor

h63 T [maSStOVSO(I + l2ltor cos(qtarso + (7[ / 2) + q2 ))] +1

torso

.'.I..I.l...IQ.....Q.I...Q....ll..l..I..l.....l........l..l...I.....

hg; =[masstorso(l;)]+1 Pg465.66 =0

torso ’

.0..0.no.no.loo.oo.oo..o.ool.0-.0-n..no..o.aoonooloo.oo.o.l.0..0-...

In the all of above mentioned components, the following parameters have been used and
they can be seen in figure (1.6) :

¢:ﬁm.c+q09¢:/’t+q0+ﬂm,cr (32)

A

(a)

(b)
Fig. (1.6). (a) The foot’s and (b) The support link’s geometrical configurations.
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Where, lﬁwmg and ,Bﬁwmg refer to indexes of the swing leg with respect to geometrical

configurations of the mass center of the swing leg as can be deducted from figure (1.6).
The coriolis and gravitational components of the relation (30) can be calculated easily.
After calculation of kinematic and dynamic parameters of the robot, the control process
of the system will be emerged. In summery, the adaptive control procedure has been
used for a known seven link biped robot. The more details and the related definitions
such as the known and unknown system with respect to control aspect can be found in
reference [Musavi and Bagheri, 2007 and Musavi, 2006, and Bagheri and Felezi, and et.
Al., 2006]. For the simulation of the robot, the obtained parameters and relations are
inserted into the designed program in Matlab environment. As can be seen in
simulation results section, the most concerns refer to stability of the robot with respect
to the important affecting parameters of the robot movements which indicate the ankle
and hip joints parameters [Bagheri and Najafi and et. Al. 2006]. As can be seen from the
simulations figures, the hip height and horizontal positions have considerable effects
over the position of the ZMP and subsequently over the stability of the robot. To
minimize the driver actuator torques of the joints, especially for the knee joint of the
robot, the hip height which measured from the F.C.S has drastic role for diminution of
the torques.

4. Simulation Results

In the designed program, the mentioned simulation processes for the two types of
ZMP have been used for both of the nominal and un-nominal gait. For the un-nominal
walking of the robot, the hip parameters (hip height) have been changed to consider
the effects of the un-nominal motion upon the joint's actuator torques. The results are
presented in figures (1.8) to (1.15) while the robot walks over declined surfaces for the
single phase of the walking. Figure (1.15) shows combined path of the robot. The used
specifications of the simulation of the robot are listed in table No. 1. Figures (1.8),
(1.10) and (1.12) display the moving type of ZMP with the nominal walking of the
robot. Figures (1.9), (1.11) and (1.13) show the same type of ZMP and also the un-
nominal walking of the robot (with the changed hip height form the fixed coordinate
system). Figure (1.14) shows the fixed ZMP upon descending surface. As can been seen
from the table, the swing and support legs have the same geometrical and inertial
values whereas in the designed program the users can choose different specifications.
Note, the swing leg impact and the ground has been regarded in the designed program
as given in references [Lum and et. Al. 1999 and Westervelt, 2003, and Hon and et. Al,
1978]. Below, the saggital movement and stability analysis of the seven link biped
robot has been considered whereas the frontal considerations are neglected. For

lab
and lq/- present the foot profile which are displayed in figure (1.7). The program

convenience, 3D simulations of the biped robot are presented. In table No. 1, lun ,

enables the user to compare the results as presented in figures where the paths for the
single phase walking of the robot have been concerned. In the program with the aid of
the given break points, either third-order spline or Vandermonde Matrix has been
used for providing the different trajectory paths. With the aid of the designed
program, the kinematic, dynamic and control parameters have been evaluated. Also,
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the two types of ZMP have been investigated. The presented simulations indicate the
hip height effects over joint’s actuator torques for minimizing energy consumption and
especially obtaining fine stability margin. As can be seen in figures (9.h), (11.h) and
(13.h), for the un-nominal walking of the robot with the lower hip height, the knee's
actuator torque values is more than the obtained values as shown in figures (8.h),
(10.h) and (12.h) (for the nominal gait with the higher hip height). This is due to the
robot's need to bend its knee joint more at a low hip position. Therefore, the large knee
joint torque is required to support the robot. Therefore, for reducing the load on the
knee joint and consequently with respect to minimum energy consumption, it is
essential to keep the hip at a high position. Finally, the trajectory path generation
needs more precision with respect to the obtained kinematic relations to avoid the
link’s velocity discontinuities. The presented results have an acceptable consistency
with the typical robot.

L. . Ir,. Loy Ly Ly
0.3m 0.3m 0.3m 0.1m 0.1m 0.13m
Mg, My, Mo, Mg, D, T
5.7kg 10kg 43kg 3.3kg 0.5m 0.9s
T, T, H, L, Xea Xsd
0.18s 0.4s 0.16m 0.4m 0.23m 0.23m
8 8y H,, H h, H,

0 0 0.60m 0.62m 0.1m 0.15m
L i I right L, I foot

0.02kgm’ 0.08kgm” 1.4kgm® 0.01kgm®

Table 1. The simulated robot specifications.

an

lab laf'

Fig. 1.7. The foot configuration.



Dynamic Simulation of Single and Combined Trajectory Path Generation and
Control of A Seven Link Biped Robot 109

-

R"""ﬁ-—..
T
—
~—

—_ L - ! ' L L] (L)
el
(a) Stick Diagram (b) ZMP
i vy o L b Nt s i g FroweRCEss
g4 - el o — e b

& ' 'ro-i,ll | " ; ‘-ﬂh-i- y L ’ Tl"li;l ' A ' TEH{;I
(c) Velocity (d) Acceleration (e) Angular Vel. (f) Angular Acc.
" = E
R M Sy |
(j) Inertial Forces (h) Driver Torques

Fig. 1.8. (a) The robot’s stick diagram on A =0° , Moving ZMP, H,, 0.60mH 0.62m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) __: Shank M.C
velocity, --: Tight M.C velocity (d)__: Shank M.C acceleration, --:Tight M.C acceleration (e) __:
Shank angular velocity, --: Tight angular velocity (f) __: Shank angular acceleration, --: Tight
angular acceleration (j) __: Shank M.C inertial force, --: Tight M.C inertial force (h) __: Ankle joint
torque, --: Hip joint torque, ...: Shank joint torque
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Fig. 1.9. (a) The robot’s stick diagram on A 0° , Moving ZMP, H, =0.50mH
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(b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) __: Shank M.C
velocity, --: Tight M.C velocity (d)__: Shank M.C acceleration, --:Tight M.C acceleration (e) __:
Shank angular velocity, --: Tight angular velocity (f) __: Shank angular acceleration, --: Tight
angular acceleration (j) __: Shank M.C inertial force, --: Tight M.C inertial force (h) __: Ankle joint

torque, --: Hip joint torque, ...: Shank joint torque
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Fig. 1.10 (a) The robot’s stick diagram on A =10° , Moving ZMP, H,, =0.60m,H

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) __: Shank M.C
velocity, --: Tight M.C velocity (d)__: Shank M.C acceleration, --:Tight M.C acceleration (e) __:
Shank angular velocity, --: Tight angular velocity (f) __: Shank angular acceleration, --: Tight
angular acceleration (j) __: Shank M.C inertial force, --: Tight M.C inertial force (h) __: Ankle joint

torque, --: Hip joint torque, ...: Shank joint torque
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L 2 1 L]
Tty

Angular Acc.

max

=0.62m



112 Humanoid Robots, New Developments

Torramlis

(b) ZMP

(c) Velocity (d) Acceleration



Dynamic Simulation of Single and Combined Trajectory Path Generation and
Control of A Seven Link Biped Robot

113

Angular Ace. of links Angular Velocity of links
100 i . v 10 "
— Shank Ang. Acceleration — Shank Ang. Vieloaity.
% ~== Tight Ang. Acceleration 5 ~== Tight Ang_ Velocity.
B0+ &
A0 [l
~ -

a(rad/s?)
=1 8
w(rad/s)
R | e ::'

20 2

-40 - -4

-60 -6

-8o+ -8

"y 2 3 4 2 2 3 4
Time(s) Time(s)

(e) Angular Vel. Angular Acc.

(j) Inertial Forces (h) Driver Torques

Fig. 1.11.
(a) The robot’s stick diagram on 2 =10° , Moving ZMP, H_ . 0.50m,H,, ~ 0.52m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria
(c) __: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

(f) __: Shank angular acceleration, --: Tight angular acceleration

(j) _: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(e) Angular Vel. () Angular Acc.

=== Shank Tot. force e Tol. T
— Tight Tot. force 300 > phed Toh, Torgoe. o
e === Hip Tot joint
300
200

-100:+ +
i f

200}

-200f
-300

400 ‘1I 2 3 4‘- 1 é 3 4

Time(s) Time(s)
(j) Inertial Forces (h) Driver Torques

Fig. 1.12.
(a) The robot’s stick diagram on A =-8° , Moving ZMP, H,_ =0.60mH,__=0.62m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria
(c) __: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

() __: Shank angular acceleration, --: Tight angular acceleration

(j) _: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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Fig. 1.13
(a) The robot’s stick diagram on A = -8° , Moving ZMP, H . =0.50m,H, =0.52m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria
(c) __: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

(f) __: Shank angular acceleration, --: Tight angular acceleration

(j) __: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(a) The robot’s stick diagram on A =-8° , Fixed ZMP, H,, =0.60mH,__ =0.62m
(b) The fixed ZMP diagram in nominal gait which satisfies stability criteria

(c) __: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

(f) __: Shank angular acceleration, --: Tight angular acceleration

(j) _: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(b) ZMP (c) Inertial Forces

(d) Driver Torques (e) Driver Torques
Fig. 1.15 (a) The robot’s stick diagram on combined surface, nominal motion, Moving ZMP,
A =-8° (b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) Inertial
forces: __: Supp. tight, --: Supp. shank, ...: Swing tight, .-: Swing shank (d) Joint’s torques: __: Swing
shank joint, -: Swing ankle joint, ...: Supp. hip joint,  .-: Swing hip joint (e) Joint’s torques: __: Supp.
ankle joint, --: Supp. shank joint
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