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Abstract

In recent years, numerous researches have been done based on simulation of legged mechanism, especially on biped
robots simulation and control. The following article focuses on the biped robot simulation and control over various man-
ners such as horizontal, ascending and descending surfaces with the aid of mathematical modeling methods (in MATLAB/
SIMULINK environment). Similar parameters to human walking process will be obtained such as ZMP and joint’s actu-
ator torques. The mathematical simulation has been used to interpolate trajectory of the robot path with the given break
points. Of course, after the robot’s path determination, third-order spline method will be used because of the very high
precision and ability to calculate the kinematic and dynamic parameters. With the aid of this program, common param-
eters such as linear and angular velocity and acceleration, joint’s angles and inertial forces for the given specifications and
conditions (Nominal, no disturbances) will be calculated and simulated. Also, the two types of ZMP (Fixed and moving)
have been considered and calculated with the aid of the software.
© 2006 Published by Elsevier Inc.
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1. Introduction

Recently, numerous collaborations have been focused on the biped robot walking pattern to trace the
desired paths and perform the required tasks. Many researches such as dynamic analysis [1-5], and stability
criterion [6,7] have been published. Zerrugh et al. [8] have considered biped robot with respect to walking pat-
tern with the aid of recording human kinematic data. McGeer et al. [9] have focused on passive walking of the
biped robot generated by gravity and inertia over a declined surface. Silva et al. [10] have focused on actuator
power and energy by walking parameters regulation. Stability of the robot will appear upon the biped robot
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intention to tip over. Zheng et al. [11] have considered a method of gait synthesis with respect to static stability
while Chevallereau et al. [12] have focused on dynamic stability by a low energy reference trajectory definition.
Takanishi et al. [13], Shih et al. [14], Hirai et al. [15], and Dasgupta et al. [16] have considered dynamic stability
of the robot with respect to walking process based on the zero moment point (ZMP) method [6]. In the current
article, with respect to the various conditions of the surfaces, Shih et al. [17,18], Huang et al., Yokoi et al.,
Kajita et al., Kaneko et al., Arai et al., Koyachi et al., and Tanie et al. [19] used methods to generate the tra-
jectory paths of the robot have been used. The most impressive biped is ASIMO (Standing for Advanced Step
in Innovation Mobility) developed by the Honda Corporation [20,21]. ASIMO is an autonomous three dimen-
sional walker with 26-DOF weighing 43 kg and measuring 1.2 m in height and is capable of walking at 0.3 m/s
on level ground and climbing and descending stairs. ASIMO’s development began in the mid-1980s and con-
tinues to the present day. The development has involved ten generations of prototypes, named EO through E6
and P1 through P3, and has cost tens of millions of dollars. Following Honda’s success, the Japanese govern-
ment began the Humanoid Robot Project (HRP) in an attempt to grow Japan’s service robot. In this article, it
has been focused on the used inverse kinematic and dynamic methods for providing the robot paths in order to
obtain smooth motion of the robot. The used procedure avoids the link’s velocity discontinuities of the robot
in order to mitigate occurrence impact effects and also obtain suitable control process. Based on the explained
process, the controlling system will produce optimum actuator torques with respect to minimum energy con-
sumption. The main contribution of this work contains a new method for simulation of the seven link biped
robot for providing a new environment of the biped walking. The process has been performed based on the
system given break points and either third-order spline or Vandermonde Matrix interpolation method. The
used methods generate the desired trajectory paths to avoid oscillation of the paths because of high order
of polynomials. The simulations have been done for single and combined paths. Similar to human gait, the
robot’s foots make negative, zero and positive angles with the ground. The designed software has been used
for the biped robot simulation which will present the needed robot parameters such as linear and angular
velocity and acceleration of links, total inertial forces, joint’s actuator torques, link’s angle and ZMP. The
software will present the simulated movies in the desired steps that are defined by the users. The software
has significant properties such as simultaneous simulation of the robot over various surfaces.

Finally, obtaining the ZMP diagrams, the stability behavior of the robot can be judged easily. Also, the two
types of ZMP (fixed and moving) and their advances have been considered.

2. Kinematic modeling

The inverse kinematic modeling of the robot needs direct usage of mathematical interpolation. The math-
ematical interpolation is one of the simplest methods used for providing the suitable curves with respect to the
given break points that the system must undergo. The controlling system of biped robot needs to use kine-
matic equations to obtain the desired parameters, so it would be able to use them into the domain of dynamic
and control relations. The process of inverse kinematic equations analysis with the aid of the presented and
identified paths (they have been indicated by the operator) and also solving the nonlinear equations for the
robot movement will result in the needed parameters. Parameters such as angles, velocities and accelerations
of joints will be obtained for use in dynamic and the subsequent controlling equations before the actual cal-
culation of the “Actuator Torques”. The actuator torques will be used in the indicated paths. In the current
article, the simplest mathematical interpolations which are “Vandermonde Matrix” and “Third-Order Spline”
[17-19] have been used. This means for the calculation of the requested paths and influence of (n + 1) break
points, either a polynomial of nth order or a third-order spline is needed. The mathematical equations of a
biped robot are nonlinear systems of equations which contain complex mathematical relations. In Fig. 1,
the robot saggital schematic has been presented to indicate the required nodes and the utility of the mentioned
curves. With utilization of the specified criteria, the generated paths will be used in the designed software to
obtain the kinematic parameters. In general and with respect to Fig. 1, all the needed and important robot
parameters are listed as following:

(a) Hip parameters (hip joint)
(b) Foot parameters (ankle joint)
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Fig. 1. The saggital configuration of biped robot and needed parameters for interpolation.

(a) Hip parameters:
The hip parameters include vertical and horizontal displacements of the joint (zy, x},) and the variables
which are illustrated by Figs. 1 and 2 respectively. The distance between the hip and fixed coordinate
system which is supposed to be on the support leg, will be denoted for the instants of the beginning
and the end points of the double support phase by x.q, xsq respectively.

(b) Foot parameters:
During the walking cycle, the horizontal and vertical displacements of ankle joint are represented by x,,
z,, respectively. The other parameters are listed as following:

T, total traveling time, including single and double support phases,

Ty double support phase time, which it is regarded as 20% of T,

Twm the time which ankle joint has reached maximum height during walking cycle,

k step number,

H,, ankle joint maximum height,

L., the horizontal traveled distance between ankle joint and start point when the ankle joint has

reached its maximum height,
Dy step length,
qv, ¢¢ foot lift angle and contact angle with the level ground,
Gss» gr the ground initial terrain angles,

A surface slope,
It stair level height,
Hg foot maximum height from stair level.

Now, the main robot’s parameters (hip and foot) will be considered for interpolation of the trajectory paths
which lead to solve the nonlinear equations and obtain simulation parameters such as link’s angles and sub-
sequently kinematic and dynamic relations based on the obtained angles.

2.1. Foot trajectory interpolation

The foot parameters can be categorized into several cases as following:

t=(k+ 1T,

SrRCE A

X
o Xy

Fig. 2. The variables of hip: Xeq, Xsqg.
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2.1.1. Foot angle on horizontal surfaces or stair [19]
Both surfaces and stair use the same break points, as in Fig. 1, it can be written as below:
Gy = kT,
—qy t=kT,. + Td:
0,(1) = e (1)
qr t=(k+ DT,
g t=(k+1)Tc+Tq.

2.1.2. Foot angle on declined surfaces
Regarding Section 2.1.1, the following break points will be used:

(4 —qy) t=kT¢,

A—qy t=kT.+ Ty, )
A+ q; t=((k+ 1T,

itqy t=(k+1)Tc+ Ty

0.(1) =

Now, the above mentioned break points are used to calculate the trajectory paths. In the current process of the
polynomial determination, boundary conditions of the movement play an important role for providing the
trajectory paths.

The required boundary conditions are determined with respect to the system identity and requirements.

Similar to human walking process, foot angular velocity (6,) at the specified moments including the instants
of the beginning and the end of foot traveling is equal to zero:

0]t = kTe,t = kT + T4] = 0. (3)
With respect to relations (1) or (2) and (3), either a fourth-order polynomial or third-order spline can be used
to obtain the foot trajectory. For the explained process, many short programs have been designed to calculate
and present the trajectory simulations with the aid of the user’s identified input data.

Similar processes are used to calculate the trajectory paths for the displacements of horizontal and vertical
foot traveling. The obtained trajectory paths will be used for the biped robot simulation.

2.1.3. The displacements of horizontal and vertical foot traveling over horizontal surfaces [19] or stair
As can be seen in Figs. 1 and 3, the needed foot displacement relations for horizontal and vertical move-
ments are written as following:

kD t=kT,,
kDs + lan sing, + - - - t=kT.+ Ty,
L (1 — cos gy)
Xanor (1) = { kDg + Ly, t =kT¢+ Ty, 4)
(k4 2)Ds — Lyysing; — -+ t=(k+1)T,,
La(1 — cos gqy)
(k + 2)Dq t=(k+ 1T+ Ty,

Fig. 3. The foot trajectory on stair and the required parameters.
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hes 4 lan

hes + Lap SIn gy, + Lan COS q,
Hyo

hee + lab SIN g + Loy COS gy
hee 4 lan

(k — Dhg + lan

(k— Dhy + Iyesing, + - -

lan COS q
khy + Hy

(k+ Dhgy + Ly singg + - -

ln COS g
(k + Vg + Lun

t = kT,,
t=kT.+ Ty,

t =kTe+ T, (5)
t=(k+ DT,

t=(k+1)T.+ Ty,

t=kT.,

t=kT. + Ty,

t =kT.+ Th, (6)
t=(k+ DT,

t=(k+ DT, + Tq.

2.1.4. The displacements of horizontal and vertical foot traveling over declined surfaces
In order to obtain the required trajectory paths for the needed foot movement on declined surfaces, the
following relations are used:

Xa,dec (t) =

Za,dec (t) =

kDgcos A — [, sin A
(kDg + lyp) cos A+ - - -
lansin(gq, — A) — Lir cos(gy,
(kDg + Lyo) cOS 4

((k+2)Dg— lp)cOS A — -

t =kT,,
t =kT. + Ty,

—4)
t =kTo+ T, (7)
t=(k+ 1T,

Lan sin(g; + 4) + Ly cos(g; + 4)

(k+2)Dscos A — I,y sin A

t=(k+1)T.+ Ty,

kD sin A + [,, cos A t =kT,,

(kDs + Lg) sin A+ - - - t=kT.+ Ty,

+ lancos(q, — A) + Lar sin(g, — 4)

(kD + Lyo) sin A + Hpo cOS A t =kT.+ T, (8)
((k4+2)Dg — Lp)sin A+ - - - t=(k+1)T,

Lan sin(g; + A) + Iy cos(n/2 —

(k+2)Dssin A + 1,, cos A

(q:+ 7))
t=(k+ )T, + Ty.

Particularly, the following domain boundary conditions must be applied with respect to the biped movement
for the above mentioned break points:

{0( ) =0,
(k+1)T +T4) =0,

0u(
{xa( o) =
ka+UT+Ta=Q
(kT
(

L
Za((k +

)T +Ty) =0,
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2.1.5. Hip trajectory interpolation for the level ground [19] and declined surfaces
As can be seen in Fig. 2, the needed hip break points must be determined from the following:

kDg + xeq t =kT,,
Xh,Hor stair — (k + I)Ds — X t=kT.+Tyg, (9)
(k+1)Ds+xeqg t=(k+ DT,

(kDs + Xeq) COS A t =kT,,
Xnpee. = {4 ((k+1)Dy — xgq) cos it =kT. + Tq, (10)
((k4+1)Ds 4+ xeq)cos A t= (k+1)T,,

Hhmin t= cha
Zh,Hor. — Hipymax t:ch+~5(Tc_Td)> (11)
Humin t=(k+ 1T,

HpminCOSA+ - -- t=kT,,
(ADg + Xeq) sin A
Himax COS A + - -+ t =kT.+5(T. — Ta),
Fhbec = (kDg + xyq) sin A (12)
Himin COS A+ -+ - t=((k+ 1T,
((k 4 1)Dg + xeq) sin 2,
(k — Vhs + Hymn ¢ = kT,
Zytair = § Khs + Himax t = kT + .5(T. — Ty), (13)

khs + H i t=(k+ DT,
where, Hymin, Hnmax are the hip minimum and maximum heights measured from the fixed coordinate system.
Using the above mentioned relations and also utilization of the designed programs, the desired trajectory
paths of the robot for the selected surfaces will be obtained with respect to each user’s given input data.
The simulation results are presented in Section 4. Now, the kinematic parameters will be obtained with respect
to the above mentioned trajectory paths combined with the domain of the nonlinear equations (see Fig. 4).
The nonlinear equations can be written as below:
For support legs:
lycos(m — 0)) + lrcos(m — 0,) = a,

14

Iy sin(r — 0)) + Lysin(zw — 0,) = b. (14)
For swing legs:

13c08(03) + 15 cos(bs) = ¢, (15)

I3sin(603) + I4sin(0y) =

Xy = X X

{20~ Zasu
p— » ~hy ~a.s
Zmp zZ, H 'p P

Fig. 4. The link’s angles and configuration.
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Fig. 5. The assumed unit vectors to obtain position vectors.

which,

a = Xa Sup — Xhip,

b = zyip — Za Sup;

C = Xhip — Xa,swings

d= Zhip — Za,swing-
With the aid of the written programs, the mentioned nonlinear equations based on the gait parameters are
solved and also the link’s angles will be obtained. The relations of Appendix A are used to extract the kine-
matic variables. As shown in Fig. 5, the robot kinematic relations can be provided easily. Using simplest rigid
body’s configuration and also assuming the fixed coordinate system (FCS) on edge of the support foot, the

position vector of links with respect to the fixed coordinate system are obtained as can be found in Appendix
A.

3. Dynamic investigations

Similar to human gait, the important stability criteria is so called “ZMP”. The ZMP is a point on the
ground whose sum of all moments around this point is equal to zero. The ZMP formula is written as following
[19]:

L im(goos i+ E)x — ST mi(gsin A + %)z — S0,
“mp Sor mi(gcos i+ 3) ’
where ¥;, Z; are mass center’s vertical and horizontal acceleration of link (i) with respect to the fixed coordinate

system. 6, is angular acceleration of link (i) obtained from the interpolation process and 4 denotes the slope of
the surface. Mainly, the two types of ZMP are considered as following:

(a) Moving ZMP
(b) 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 software has been designed
to find target angle of the torso for providing the fixed ZMP position automatically. In the designed software,
Grorso Shows the deflection angle of the torso determined by the user or calculated by auto detector mood of the
software. 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 software. 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.q, Xsq [19] and choosing the optimum hip height, the robot control process with respect to the torso’s
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modified angles and the mentioned parameters can be performed. To obtain the joint’s actuator torques, the
Lagrangian relation [22] has been used at the single support phase as below:

1, =H(q)§ + C(g,9)q + G(q,),

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

[hi b i g s s g [c11 ¢z c13 ¢4 c15 C16 €17 [ G ]

hy hyo oy hay hos hag hyy Cy1 Cp €23 Cp4 C25 Cp6 C27 G,

| B3t hx hay has hss hyg by N K P I S S VR G R S TR | Gs
H(q)= Clg,q)= Glg) =

har hay haz has has has hag C41 C4p C43 Caa C45 C46 C47 Gy

hsi hsy hsy hsy hss hsg hsy C51 C52 €53 Cs4 Cs55 Cs6 Cs7 Gs

Lhe1 hex hes hes hes hes her ] LC61 Ce2 C63 Co4 Cos5 Ce6 Co7d L Gior

The most important point in the double support phase of the biped walking is the used modified equation with
respect to occurrence impact between the swing leg and the ground [23-25]. The simplification of the shown
components of the matrices are complex and bulk mathematical functions and can be found in the given ref-
erence [26].

Below, two components of mass inertia matrix are presented. Note, the extracted components will be used
in control process which can be found in the given reference [26].

hiy = [mi (I3 + L Lecos(qy — @)+ [ma (B + I + 1 [ecos(q; — @) +lalecos(qy — @) + 21112 c08(q, — 4))]
+[ms (13 + 5+ B+ 11 1.cos(q, — @) + 121.c08(qy — @) — le3lecos(—q5 + @) + 211 1,cos(q, — qy)
—20115c08(q, —g;3) — 213 c08(q, — q3))] + [m4(12+12+12—|—l +11.cos(g; — @) + lrl.cos(g, — @)
—l3lccos(q; — @) — leglecos(—qy+ @) + 211 1cos(q, —qy) — 211 13c08(q; — q,) — 211 leqco8(q, — q4)
=20 15c08(q5 — q5) — 21514 c08(qy — q4) +21cal3c08(q5 —q4))] + [m5(12—i—lz—l—124—12—i—lcfswmg
+llccos(q, — @)+ 1rl.cos(g, — @) — I31.cos(q3 — @) — 141.cOS(qy — @) — letswing L COS(@ — (1/2)

+ rwing — Brswing) +20112¢05(q> — q,) —21115¢08(q5 — q) — 21114c08(q4 — q;) — 211 Legswing €08 (g — (7/2)
+ Growing = Brswing) — 21213€08(q3 — g5) — 21214€08(q4 — 95) — 22 etswing €08(q> — (7/2) + Groing — Brswing)
+21314c08(q4 — q3) + 241 eswing €08(q4 — (7/2) + Growing — Brswing) + 203 Letswing €08 (g5 — (1/2)

+ Grswing = Brswing)] [Mior (13 4 15+ Lygrso + [11e€O8(q) — @) + 2 1ccO8(g, — @)

+ Leletorso €OS(—Guorso — @ — (1/2)) +21112€08(q5 — 1) + 211 Letorso COS(—Giors0 — 41 — (7/2))

+ 2151 ctor50 €08(Giorso + 42 + (/2] + 11 + 1o+ 13+ 14 +1s + Tiorsos

har = [my (I, + Lo lecos(q, — @) + 11 2 c0s(q, — qy))] + [m3 (15 + 153 + blecos(qy — @) — Lz lecos(—q; + @)
+1115c08(qy — q1) — 1 3c08(q) — g3) = 2121e3.€08(q; — ¢3))| + [ma(B5+ 15 + 124 + L cos (g, — )
—3l.cos(q; — @) — lealccos(—q,+ @) + 11 [rcos(q, —q,) — l113c08(q; — q;) — 1 [cacOS(q, — q4)
—2015008(¢3 — 4) — 20214 €08(¢> — 44) +2Leal3008(q5 — g))] + [ms (13 + B3+ [ + Lying + 121eCOS(¢5 — 0)
—l3l.cos(q; — @) — l41.cos(qy — @) — LefswingleCOS(¢ — (7/2) + tswing — ﬂfswing) +111yc08(9, —qy)
—hilzco8(qy —q,) — 1112008(qy — 4,) — 1 Letswing €OS(q) — (7/2) T Grswing — ﬁfswing) —21h15c08(q3—4,)
—21514¢08(q4 — 42) — 212/ iswing €08(q> — (/2) + Groning — Browing) +21314€08(q4 — q3) + 2 s Legswing €08(q4 — (7/2)
+ Grswing — Brswing) + 215 Lctswing €08(¢3 — (7/2) + qroying — Browing))] + [Mior (13 + Lyorse + 1216 €0S(q2 — @)
F el etorso €08(—Giorso = @ = (71/2)) + 1112€08(q3 — q1) + I Letorso COS(—Grorso — 41 = (7/2)) + 212 ctors0 €05 (Gorso + 92
+(r/2)] + 12+ 13+ 1+ 15+ Tiorsos
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Fig. 6. The foot parameter.

Fig. 7. The foot configuration.

where,
(p:qf—i_ﬁmrc'i_)“?

which, fi., fior are presented in Fig. 6 and f; .. shows the angle of the swing foot’s mass center measured
from the fixed coordinate system.

With respect to the above mentioned relations, the designed software can simulate the seven link biped
robot over various manners simultaneously. Also, one can obtain the kinematic and dynamic parameters such
as the joint’s actuator torques and the link’s inertial forces for the two types of the ZMP (moving and fixed).
The mentioned parameters can be seen in the simulation results.

4. Simulation results

In the designed software, 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 Figs. 814 while the robot walks over declined surfaces for the single
phase of the walking. Fig. 15 shows combined path of the robot. The used specifications of the simulation
of the robot are listed in Table 1. Figs. 8, 10 and 12 display the moving type of ZMP with the nominal
walking of the robot. Figs. 9, 11 and 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). Fig. 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 software the users can choose different specifica-
tions. Note, the swing leg impact and the ground has been regarded in the designed software as given in
references [23-25]. Below, the saggital movement and stability analysis of the seven link biped robot has
been considered whereas the frontal considerations are neglected. For convenience, 3D simulations of
the biped robot are presented. In Table 1, I, l,, and /[;; present the foot profile which are displayed in
Fig. 7.

5. Conclusion

The presented article focuses on the mathematical interpolation of the seven link biped robot (for both of
the ZMP). The explained designed software process (12,000 lines) simulates the biped robot over various
manners. The software enables the user to compare the results as presented in figures, the paths for the single
phase walking of the robot have been concerned. In the software with the aid of the given break points, either
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Fig. 9. (a) The robot’s stick diagram on 4 = 0°, moving ZMP, H,,;, = 0.50 m, Hy,,x = 0.52 m, (b) the moving ZMP diagram in nominal
gait which satisfies stability criteria, (¢) (—) shank MC velocity, (---) tight MC velocity, (d) (—) shank MC acceleration, (---) tight MC
acceleration, (e) (—) shank angular velocity, (---) tight angular velocity, (f) (—) shank angular acceleration, (---) tight angular
acceleration, (g) (—) shank MC inertial force, (---) tight MC inertial force, (h) (—) ankle joint torque, (---) hip joint torque, (...) shank
joint torque.
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10°, moving ZMP, H ;, = 0.60 m, Hy,,x = 0.62 m, (b) the moving ZMP diagram in nominal

gait which satisfies stability criteria, (c) (—) shank MC velocity, (---) tight MC velocity, (d) (—) shank MC acceleration, (---) tight MC
acceleration, (e) (—) shank angular velocity, (---) tight angular velocity, (f) (—) shank angular acceleration, (---) tight angular
acceleration, (g) (—) shank MC inertial force, (---) tight MC inertial force, (h) (—) ankle joint torque, (---) hip joint torque, (...) shank

joint torque.
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Fig. 11. (a) The robot’s stick diagram on 4 = 10°, Moving ZMP, H,;, = 0.50 m, H,,x = 0.52 m, (b) the moving ZMP diagram in nominal
gait which satisfies stability criteria, (¢) (—) shank MC velocity, (---) tight MC velocity, (d) (—) shank MC acceleration, (---) tight MC
acceleration, (e) (—) shank angular velocity, (---) tight angular velocity, (f) (—) shank angular acceleration, (---) tight angular
acceleration, (g) (—) shank MC inertial force, (---) tight MC inertial force, (h) (—) ankle joint torque, (---) hip joint torque, (...) shank
joint torque.

third-order spline or Vandermonde Matrix has been used for providing the different trajectory paths. With the
aid of the designed software, the kinematic, dynamic and control parameters have been evaluated. Also, the
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Fig. 12. (a) The robot’s stick diagram on A = —8°, moving ZMP, H,;, = 0.60 m, Hy,.x = 0.62 m, (b) the moving ZMP diagram in nominal
gait which satisfies stability criteria, (c) (—) shank MC velocity, (---) tight MC velocity, (d) (—) shank MC acceleration, (---) tight MC
acceleration, (e) (—) shank angular velocity, (---) tight angular velocity, (f) (—) shank angular acceleration, (---) tight angular
acceleration, (g) (—) shank MC inertial force, (---) tight MC inertial force, (h) (—) ankle joint torque, (---) hip joint torque, (...) shank
joint torque.

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
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Fig. 13. (a) The robot’s stick diagram on A= — 8°, Moving ZMP, H,,;, =0.50 m, H,,x =0.52m, (b) the moving ZMP diagram in
nominal gait which satisfies stability criteria, (c) (—) shank MC velocity, (---) tight MC velocity, (d) (—) shank MC acceleration, (---)
tight MC acceleration, (e) (—) shank angular velocity, (---) tight angular velocity, (f) (—) shank angular acceleration, (---) tight angular
acceleration, (g) (—) shank MC inertial force, (---) tight MC inertial force, (h) (—) ankle joint torque, (---) hip joint torque, (...) shank
joint torque.

seen in Figs. 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 Figs. 8(h), 10(h) and 12(h)
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Fig. 14. (a) The robot’s stick diagram on 1 = — 8°, fixed ZMP, H,i, = 0.60 m, Hy,,x = 0.62 m, (b) the fixed ZMP diagram in nominal gait
which satisfies stability criteria, (c) (—) shank MC velocity, (---) tight MC velocity, (d) (—) shank MC acceleration, (---) tight MC
acceleration, (e) (—) shank angular velocity, (---) tight angular velocity, (f) (—) shank angular acceleration, (---) tight angular
acceleration, (g) (—) shank MC inertial force, (---) tight MC inertial force, (h) (—) ankle joint torque, (---) hip joint torque, (...) shank
joint torque.
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Fig. 15. (a) The robot’s stick diagram on combined surface, nominal motion, moving ZMP, 1 = — 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.

(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 reduc-
ing 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
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Table 1
The simulated robot specifications
lSh. lTi. lTo, lan lab laf
0.3m 0.3m 0.3m 0.1 m 0.1m 0.13m
Mgh. MTh, Mo, Mo, Dy T,
5.7kg 10 kg 43 kg 3.3kg 0.5m 09s
Ty Tm Hyo Ly, Xed Xsd
0.18 s 04s 0.16 m 0.4m 0.23m 0.23m
g gs & gaf H, min H, max / s I-Is
0 0 0.60 m 0.62m 0.1 m 0.15m
Ishank Ilight Imrso Ifool
0.02 kg m? 0.08 kg m? 1.4 kg m? 0.01 kg m?

obtained kinematic relations to avoid the link’s velocity discontinuities. The presented results have an accept-
able consistency with the typical robot.
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Appendix A

The position vectors of the links, linear velocities and accelerations with respect to the fixed coordinate sys-
tem are written as below:
Position vectors

7o =

7 =

7y =

lm‘C(COS(ﬁm-c + qf)] + Sin(ﬁm-c + qf)K)7
(locos(Pioy + g¢) + Ler cos(0y — )T

+ (L sin(0y — 2) + losin(Byo + 5))K,
(Iocos(Pyor + q5) + 11 cos(0, — )
—lgpcos(m— 0y + 2))I + (I sin(0, — 4)

+ lysin(B + g;) + L sin(m — 0, + 1)K,
= (lpcos(By, + qr) + L1 cos(0; — A)

—hcos(m— 0, + A) — l3cos(0; — A))I
+ (1ysin(0; — 4) + Lo sin(fo + q¢)
+ Iysin(n — 0, + 1) — I sin(6; — 1)K,

= (I cos(Boy + 1) + I cos (0 — 1)

—Lcos(m— 6,4+ A) — [c08(0; — A)
— leacos(0s — ) + (Iysin(6, — 4)
+ losin(Bi + g¢) + Lsin(n — 02 + A)
— I3sin(0s — A) — I sin(0s — 1)K,

— (I cos(Boy + 1) + I cos (0, — 2)

—lycos(m— 6+ A) — [3co8(0; — A)
—l4cos(0y — A) = Ismecos(n/2 — A+ B
+ (Iysin(0y — 4) + Lo sin(f + ¢5)

+ bLsin(n — 0, + A1) — I3sin(0; — 1)

s,m.s

—qy))1

— Iy Sin(94 - A) - lSm-c sin(rc/Z — A+ ﬁs,m.s - Qb)))K
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Fror = (1o cos(Biy + g5) + 11 cos(0) — 2)
—hcos(m— 0, + A) + lircos(n/2 — Oior — 4))]
+ (l] Sin(9| — l) + l() sin(ﬁm + Qf)

4 Lsin(m — 0y + 2) + Lo sin(n/2 — O — 2)K, 7)
Linear velocity:
50 = lm'CJ)O(_ Sin(ﬁmc + Qf)l + Cos(ﬁmc + ‘If)K)v (8)
171 = (—ZQ(I)O sin(ﬂwt + qf) — lcl(z)l sin(Hl — )»))1
+ (L1 @y cos(0y — 4) + Lo cos(Bio + q¢))K, )

th = (—lo@o sin(P + q¢) — 11Dy sin(0; — 1)
— Iy sin(n — 0, + A))I + (11 cos(0; — 4)
+ lo@o cos(Pros + qr) — lea®r cos(m — 0y + A))K, (10)
U3 = (—ly@ sin(Py; + ¢¢) — LDy sin(0; — 4)
— Ly sin(m — 6, + A) + l3@;sin(6; — A)I
+ (11 cos(0; — ) + Loycdy cos(Bior + qr)
— Ly cos(m — 0y + 1) — I35 cos(0; — 1)K, (11)
Uy = (—lo@o sin(Byo; + ¢) — L1y sin(0; — )
— L&,y sin(m — 6, + 4) + 133 sin(6; — 4)
+ ley@y sin(0y — ) + (10 cos(0; — 1)
+ lo@o cos(Poor + qr) — L2y cos(m — 05 + 4)
— L3y cos(0; — 1) — lqdgcos(0s — 1)K, (12)
Us = (—1o@o sin(P + q¢) — 11Dy sin(0; — 1)
— Ly sin(m — 0, + 4) + 305 sin(0; — 1)
+ L4y sin(0y — A) — Lsm.c@s sin(n/2 — A+ Byme — b))
+ (11 cos(0; — ) + Loycdg cos(Bio + qr)
— Ly cos(m — 0, + A) — I35 cos(0; — A)
— 14Dy c08(04 — 2) + Ism.cs c08(/2 — 24 B e — q1))K, (13)
bior = (—1o@o sin(Bio + qr) — 11651 sin(0) — 1)
— Ly sin(m — 0y + A) + Lior@ior sin(m/2 — Oyor — A))I
+ (@11, cos(0; — ) + Lo@o cos(Pio + ;)
— sy cos(m — 0 + A) — lior@ior €08(1/2 — Oior — A))K, (14)
Linear acceleration: Differentiating from relations (8)—(14), the link’s acceleration vectors can be obtained
easily.
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