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Simulation of an Autonomous Biped Walking
Robot Including Environmental Force Interaction

Yasutaka Fujimoto®, Member, IEEE, Atsuo Kawamura**, Senior Member, IEEE

Abstract— This autonomous biped walking control system
is based on the reactive force interaction at the foothold.
The precise 3D (three dimensional) dynamic simulation pre-
sented includes: 1) a posture controller which accommodate
the physical constraints of the reactive force/torque on the
foot by quadratic programming. 2) a real-time COM (cen-
ter of mass) tracking controller for foot placement, with a
discrete inverted pendulum model. 3) a 3D dynamic sim-
ulation scheme with precise contact with the environment.
The proposed approach realizes the robust biped locomotion
because the environmental interaction is directly controlled.
The proposed method is applied to the 20 axes simulation
model, and the stable biped locomotion with velocity of 0.25
m/sec and stepping time of 0.5 sec/step is realized.

I. INTRODUCTION

NUMBER OF biped walking systems have been pro-

posed in the previous works[1]-[12]. Since the reactive
force and torque on the foothold depend on its complicated
characteristics, the relation between the input torque of the
actuator and the reactive force and torque is hard to solve.
Thus the conventional control systems calculate trajecto-
ries of joint angle or joint torque so as to approximately
satisfy the stable contact condition[1]-[3]. The approxima-
tion, however, yields lack of walking robustness. The whole
dynamic equation of the robot and the contact condition
is considered to generate joints references in [3], but it is
off-line type planning due to the complexity of dynamics
of the biped robot.

In this paper, a new hierarchical control system based
on the reactive force control on the foothold and the force
distribution system is proposed in order to improve the
walking robustness, in which the physical constraints of
the contact force on the foothold are precisely considered.
With a new algorithm of the foot placement, an on-line
controlled autonomous biped locomotion is realized. Also,
the precise 3D dynamic simulator with the environmental
interaction is proposed to investigate the control scheme.

II. MODELING

A legged robot is modeled as a free-fall manipulator
which has no fixed-point but has interaction to the ground.
A dynamics of a free-falling manipulator is formulated by
introducing the variables representing position and attitude
of a base-link. Let generalized coordinates x, generalized

*Department of System Design Engineering, Keio University, Yoko-
hama 223-8522, Japan. **Department of Electrical and Computer
Engineering, Yokohama National University, Yokohama 240-8501
Japan. Part of this research is carried with a subsidy of the Scientific
Research Fund of the Ministry of Education.

1070-9932/98/$10.00©1998 IEEE

velocities v, and generalized forces u be

2" = [ph, A5.0"] € R xS0@B) xRV (1)

vl = [vh,wh,w!] € R*xR*xRY (2)
ul = [f};,n};,rT] € R)xR*xRN (3)
where
pp : 3 x 1 vector specifying base-link position
Ap : 3 x 3 matrix specifying base-link attitude

6 : N x 1 vector specifying joint angle

: 3 x 1 vector specifying base-link velocity

: 3 x 1 vector specifying angular velocity of
base-link

w : N x 1 vector specifying joint angular velocity

: 3 x 1 force vector generated in base-link

: 3 x 1 torque vector generated in base-link

T : N X 1 torque vector generated by actuator

N : number of joints of robot

Ap is the direction matrix of the inertial base-link-fixed
axes relative to the ground-fixed axes. (See Fig. 1, Ag =
[B,yp,28].) The attitude Ap moves in the Lie group

SO(3).
The equations of motion of the robot become:
Pp = Vs (4)
Ap = wpXx Ap (5)
b6 = w (6)
and
H(z)d + C(z,v)v+g(x) =u+ug (7)
where
H(z) : (N +6)x (N +6) inertia matrix
C(x,v) : (N +6) x (N + 6) matrix specifying
centrifugal and Corioli’s effects
g(x) : (N +6) x 1 vector specifying gravity effect
ug (N + 6) x 1 vector specifying generalized

forces generated by external forces

III. CONTROL ALGORITHM

To control a legged robot (4)—(7), we must consider phys-
ical constraints on the foothold directly or indirectly. In
this paper, a hierarchical control system with a direct and
real-time method is proposed, which realizes the robust
contact of the foothold and the stable biped locomotion.
Fig. 2 shows the proposed hierarchical system. The lower
layer of the system consists of a workspace position con-
troller and a robust reactive force controller.
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Fig. 1.

Representation of link-fixed coordinates.

A. Posture Controller

In a case of a biped robot, ug, the external force on the
generalized coordinates, is expressed as follows.

I 0

! B s
U = [LBRX] Ig 'n,f; :|—|— [LBLX] 13 |: ni :|
T T T T
Jr1 Jre Ji T
where
fr fr 3 x1 vector of reactive force
at the center of right or left foot
ngr, n; : 3 X 1 vector of reactive torque
at the center of right or left foot
JRi, Jri : 3 x N Jacobian matrix of right or left foot
xR, x; : 3 x 1 position vector of the right or left

foot with respect to the origin of pg

Here, [a%] denotes a matrix representing a cross product,
and I,, denotes an n X n identity matrix.

While there is no actuated control input for the position
and the attitude of the body, i. e., fz = np = 0, those of
the body are still controllable by using the reactive force
and torque (fgr, fr, g, nr) as indirect control inputs.
To use the reactive force and torque as indirect control in-
puts, the hybrid position/force control is applied to each
leg. If the leg is in the support phase, the force control is
activated. Otherwise the position control becomes active.
The workspace position control system consists of the iner-
tia fluctuation insensitive servo control[14] and the inverse
kinematics by the Newton method. The force controller
is applied as the upper layer of the position controller[15].
(See Fig. 2)

Then the posture control system is applied as a supervi-
sory control to the reactive force controller. The objective
is to make the center of mass (COM) of the robot and the
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Joint Angle N

Fig. 2. Biped walking control system.

attitude of the body converge to its given reference trajec-
tories. The parallel motion of the COM of the robot and
the rotational motion of the body can be modeled from the
first 6 rows of (7) and (8) as follows.

Ho+b = ag 9)
ap = Kf, (10)
and
' = [pl AL ] (11)
o7 = [vl wh] (12)
A= [fk nf fT n]] (13)
- I3 0 I3 0
K = 14
wnx] Iy lwrx] T, 1
Pc = vc (15)
where
H : 6 x 6 inertia matrix
b : 6 x 1 vector specifying gravity effect and
non-linear terms
up : 6 x 1 vector specifying external force at COM
and external torque around body
P ¢ 3 x 1 vector specifying COM of the robot

The ideal external force input 4} at the COM of the
robot and around the body is determined by the state feed-
back.

Wp = HolKy(Zre = &)+ Ka(@rep —2) +Zres] +bi (16)

where
H, : 6 x 6 diagonal matrix specifying nominal inertia
b, : 6 x 1 constant vector specifying non-linear terms,

gravity effect, and non-diagonal inertial force

and K,, K, represent gain matrices. The posture ref-
erence Z,.s is generated by linearized inverted pendulum
models[16].

The contact force and torque are, however, physically
limited to the repulsive condition, the friction condition,
and zero moment point (ZMP) condition. Thus the ideal
force @}; is not always realized by the reactive force/torque



FUJIMOTO AND KAWAMURA: SIMULATION OF AN AUTONOMOUS BIPED WALKING ROBOT INCLUDING ENVIRONMENTAL FORCE INTERACTION 35

fa- We need to consider the following physical condi-
tions. Let fr = [fre fry fucly nfy = [nne ny misl,
i = [fre fry fr-], and n¥ = [ng, nr, nr.]. The nor-
mal component of the reactive force on the ground plane
is not attractive but repulsive, which yields the following
non-negative conditions.
fRz Z 07

fr=2>0 (17)

The friction force, i. e., the tangent component of the re-
active force on the ground plane always exists within the

friction cone.
\/ fre + Foy <ifre £\ flo + f1, <ufr- (18)
|an| < leLz (19)

|nRz| S :ulfRz

where p and p' denote friction coefficients. It is possible to
break out slips at the contact points when the equality in
the (18)—(19) is realized.

The tangent component of the reactive torque at the
center of the foot on the ground plane is also limited due
to finiteness of the contact area.

[nRre| < dy fR-
|nRy| < dszz

|an| S dnyz
|nLy| S dszz

(20)
(21)

where d, and d, denote a half of the length and the width
of the foot, respectively. (20)—(21) are equivalent to the
zero moment point conditions.

Due to the physical limitations (17)—(21), the ideal force
input @}, by (16) cannot be always realized by the reactive
force and torque f,. Thus the following performance in-
dices are introduced, which should be minimized under the
limitations.

1

Jmain = §(UE - U*E)TCI (UE - u*E) (22)
1

Jsub §'U,£-C2’U/E (23)

The index Jyqein corresponds to the square error between
the ideal force/torque and the realizable ones. The index
Jsup corresponds to the square error between the force and
torque of the left foot and those of the right one. The
reactive force and torque input f, is determined by the
quadratic programming, which minimizes the performance
index under the linearized constraints of (17)—(21).

min Jmain + EJsub (24)

fa
subject to  Af, <b (25)

where

Cc, = diag{wl,wz,w3,w4,w5aw6} (26)
C, - {_16 . ] (27)

A0
a =[5 4] (28)

r1 0 —-u 0 0 O W
-1 0 —p O 0 O
0 1 —u O 0 O
0O -1 - 0 0 O
0 0 1 0 0 0
. o 0 -1 0 0 O
A= 0 0 —-d, 1 0 O (29)
0o 0 —-d, -1 0 O
0o 0 —-d. 0 1 0
0o 0 —-d, 0 -1 0
0 0 —u 0 O 1
L 0 0 — 0 0 —IJ
b" = [bgp b ] (30)
b, = [0000z220000000] (31)
b = [00002,0000000] (32)
_ any if right leg is in support phase
R { 0 otherwise (33)
_ any if left leg is in support phase
L= { 0 otherwise (34)

and € is a small positive real number.

The main performance index .J,,q4;n approaches the so-
lution to the ideal force and torque u’ given by the state
feedback. The sub performance index J,,; distributes the
inner force and torque to the both foot in balance. Because
€ is very small, the sub performance index has almost no
influence on the main performance index. The constrained
(25) acts as a kind of a limiter in multi-input systems.

The optimization problem (24) and (25) are equivalent
to the following quadratic programming problem.

. 1
min S fAQfs—cifa (35)

fa 2
subject to Af,<b (36)

o . T

where Q = K C1K +€eC5 and ¢g = K Ciu}. The reac-
tive force and torque reference can be obtained by solving
it at each sampling period.

B. Free-leg Trajectory Planner

Owing to the posture controller with the environmental
interaction mentioned above, the on-line type autonomous
walking control system can be realized as follows.

The posture controller mentioned above stabilizes the
robot in the single and double support phases but does not
realize the global locomotion. In order to achieve a stable
walking, the foot must be periodically landed at adequate
point. In this section, the tracking control of the COM by
planning the land point of the foot is described.

The dynamics of the COM of the robot behaves like an
inverted pendulum with the posture controller, i. e., p.. =
wW?(Pex — Pyz) in sagittal plane and f.y = w?(pey — Pgy) in
lateral plane, where p., an p., denote the COM position
in sagittal plane and in lateral plane, respectively. py, and
Dgy denote the foot position of the support leg with respect
to the origin of the world fixed coordinates in sagittal plane
and in lateral plane, respectively. Digitalizing the inverted
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pendulum with one step period T, we have the discrete-
time inverted pendulum (37). (Here, only the equations in
the saggital plane are described. The forms of the equations
in the lateral plane are completely the same.)

¢ 2 Dea(t) 1-—c
B l ws ucj ] [pcw(t) ]+[ —ws :|pgx(t)
(37)
where ¢ = coshwT and s = sinhwT.
The movement of the free-leg must just begin at one step
period in advance. Thus the augmented system including
one step period delay is considered

[+ )]

pea(t+T) ]
| Pt +T) |

{ ¢ s/w 1—@] [pm(t) ]

ws ¢ —ws Pea(t)
Lo o o [[peo ]

The reference of the landing point pj¢/(¢) which sets the

system characteristic polynomial ¢(2) to ¢(z) = 23+az22+
a1z + ag is obtained by the state feedback as follows.

+ { § } e (£) (38)

Pyl t+1T) =

+folpge (t) — P ()] + Py (t+ T) (39)
where
1—ag—aj +as+2(1—as)c—4c?
= 4
o petdl (40)
1 - - - 2(1 — 4¢?
o= +ap—o a22 (14 as)c—4c (41)
ws
fo = ax+2c (42)

pe™d denotes the reference trajectory of COM in sagittal
plane and p;’;d denotes the offset of the landing points
synchronizing trajectory of COM in sagittal plane.

The trajectory of the free-leg is given by connecting the
next and previous landing point with a smooth function as

follows.

o (t+m) = pi! (t = T)

1—cosmm . . re
and the height of free-leg is also given by
re ref 1 — COS2TM
il (t+m) = B 5 (44)

where 0 <m < T.
The global system configuration is shown in Fig. 2.

IV. NEW SIMULATION SCHEME

This section describes a new simulation method of
multi-degree-of-freedom mechanical systems with the time-
dependent contact and the Coulomb friction, such as a

legged robot interacting with a ground, a satellite-mounted
manipulator catching an object, etc. The proposed method
is the extension of the open link manipulator simulation[20]
and the contact simulation of rigid body mechanics[21].
The proposed simulation model is mathematically exact,
thus this simulator enables the essential investigation for
control algorithms of the mechanical systems.

A. Numerical Integration

It is easy to simulate the dynamic motion of a legged
robot (4)—(7) numerically by integrating © and v on each
time step after solving (7) for the acceleration v given x,
v, u, and ug. In a case of the Euler integration, we have

pp(t+h) = pg(t)+hvp(t) (45)

Ap(t+h) = T(hwg(t)Ag(t) (46)
Ot+h) = 6(t)+ hw(t) (47)
v(t+h) = wv(t)+hH(z(t) ‘[u(t)

tup(z(t),v(t)) - b(x(t),v(t))] (48)

where biasing vector b(x(t),v(t)) = C(x(t),v(t))v(t) +
g(x(t)), and h is the time-step. T'(hw ) acts as a rotational
transformer around wp axis with angle hlwp|. (See [18]
and Fig. 3.)

T(hwg) = [(cos ) I3+ (1 — cosyp)rr’ + (siny)[rx]] (49)

where 1 = h|lwp|, r = wp/|wp|.

H(x) and b(x,v) can be obtained by the inverse dy-
namics calculation using the Newton-Euler formulation, i.
e., given x, v, and © solve for w. In fact, H(x) can be cal-
culated by solving inverse dynamics with setting x to the
current state, v = e;, and ignoring centrifugal forces, Cori-
oli’s forces, gravity effects, and external forces[20]. Here,
e; means a unit vector with its jth element equal to 1 and
others are 0. The solution about u corresponds to the jth
column of H. (See (7).) The biasing vector b(x,v) can be
also computed by setting v = 0.

Fig. 3. Rotation of coordinates.

B. Inverse Dynamics

The inverse dynamics can be calculated by following re-
cursive equations. The formulation is based on the algo-
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Fig. 4. Indices of links.

TABLE 1
EXAMPLES OF A INNER LINK AND OUTER LINKS IN FIG. 4 CASE.

link ¢ 1 2 7 8 14
inner link 7 - 1 6 1 1
outer links O; 2,8,14,15 3 0 9 0

rithm in [19], but several points are different. In the pro-
posed method, 1) there is no fixed point in the robotic
system and the base-link is movable, and 2) the expres-
sion of the link-fixed coordinates is modified to deal with
branching links.

Fig. 5. Coordinates and parameters of links.

The index numbers of links are introduced as shown in
Fig. 4 in a 14-axis biped case. Here, the link ¢ is defined
as the inner link of ith link, whose index is the small-

est in all links connected to ith link. Also the set of
links O; is defined as the outer links of ith link, whose
indices are larger than ¢ in all links connected to ith
link. The examples are shown in Table I. To compute
the inverse dynamics efficiently, the link-fixed coordinates
shown in Fig. 5 are introduced. The ith coordinates are
defined as °A; = %4,'A,...%A; and °A; = Ap, where
iA; = [iz;,%;,%;] corresponds to ith coordinates referenced
to ith coordinates system. A; transforms any vector with
reference to ith coordinates system to one in ith coordi-
nates system. (Note: 4,1 = A7 = iA;). In a case of the
parametrization of Fig. 5,

CpCp — SpCaSep  —CpSp — SpCalo SopSa
A, = | $4Co+ CyCaSs —5450 + CyCaCy —CySa (50)
SaSh SaCh Ca

where s4 = sing;_1, cy = COSP;i_1, Sa = sina;_1, Ca =
cos;_1, 89 = sinf;_1, and ¢y = cosf; ;.

When v, wp, wp, 0;, 8; and 6; are given, the angular
velocity ‘w;, the angular acceleration %;, and the acceler-
ation of the origin P, of ith link referenced to its own link

coordinates can be recurrently obtained as follows. For
i=1
B = Ao(vp +g) (51)
1w1 = 1AowB (52)
1&.’1 = 1140“.-"B (53)
For2<i<N
iwi = iAl"iwl' + Zoéi,1 (54)
Z(.dl = iAl"i(bl' + ZOéi—l + (iAi(.dl') X zOéi—l (55)

b = Ay [sx pi + g x (w; x BY) + By (56)
Thus the acceleration of the center of mass #;, the total
force F';, and the total moment IN; of the ith link can be
calculated as follows. For 1 <i < N

’L’['Z = 1&’2 X iSZ' + iwz' X (iwz' X isl') + ’Lpl (57)
in’ = imii’;'i (58)
iNi = iJiid)i + iwi X (iJiiwi) (59)

Here, p! denotes p; — p; which is calculated as P} =

2
[a;_1 cosp;_1,a;_1sing;_y1,d;_1]T. z; denotes the direc-
tion of the joint ¢ — 1, and s; denotes the center of mass
with respect to the origin of link ¢ coordinates. (See Fig.
5.) The gravity effect g is considered in (51).

Then, f, and n;, the force and moment exerted on link ¢
by inner link 4 can be calculated as follows. For 1 <i < N

fio= Fit Y LA A0 Y Oy (60)
JEO; JjEM;
m; = ‘N;+ Z [iAjjnj +Zp; x (iAjjfj)]
JEO;
+ig; X 'F; — Z [jcj X (iAOOij)] (61)

JEM;
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where fg; is the jth external force. M; is a set of index
numbers of external forces which are imposed on link i. ¢;
is the position vector of jth contact point with respect to
the origin of its own link-fixed coordinates as shown in Fig.
6

[/ - Zy
/K Yo
fe Ground
Fig. 6. Contact points.
As a result, the solution of the inverse dynamics u” =
[f5,nE, 7T] given x, v, and ¥ is obtained as follows, where
fp and np are the force and the moment exerted on the

origin of the base link, respectively, and 7; is the torque on
tth joint. For 1 <i < N —1

T, = i+1’n£_1z0 — DZBZ (62)

Fori=1
fs = "A'f, (63)
np = OAl 1”’ll (64)

where D; is the viscous damping coefficient of joint i.

C. Constrained Force

In order to support the biped robot on the ground, the
appropriate reactive forces from the ground should be de-
termined at each time step in the simulation. In general,
springs and dampers model at the contact points are intro-
duced as a collision models. That simulation model, how-
ever, requires more shorter time step than the mechanical
system itself does. Therefore we introduce a collision model
based on a mathematical programming, which is the ex-
tension of the plastic collision model[21] and can deal with
the three dimensional contact and arbitrary repulsion be-
tween plasticity and elasticity. In addition, a motion with
the continuous collision behaves an exact ideal constrained
motion.

In general, the external force on the generalized coordi-
nates ug in (7) is expressed by all external forces on contact

points as follows.
yon
up = Z Kifp = [ K, K, K. ] [ fﬁy -| =Kfg
iEMy [sz J
(65)

where M 4 represents a set of index numbers of active con-
tact points. fpg, and fp, consist of tangent components
of all active contact forces. Also fp, consists of normal
components of all active contact forces. K,, K, and K.
correspond to those transformers. The dimensions of K
and fp are depend on the number of the contact points
which is time-variant. In advance, K can be obtained by
solving the inverse dynamics mentioned above with setting
x to the current state, fp = e;, ¥ = 0, and ignoring grav-
ity, centrifugal, and Corioli’s effects.
When the external impulsive force Af (= fpAt) are im-
posed in the system (7), the following equation is realized.
H(vy —v_) = Af, + KAf (66)
where v, and v_ denote the velocity after the collision
and before the collision, respectively. Af, denotes the un-
controllable impulse force, i. e., Af, ~ [u — C(x,v_)v_ —
g(x)]At. Thus, the kinetic energy after the collision can
be calculated as follows,

1 1 1
EvIHU+ = §’UZH’U_ + §AfTKTH*1KAf

Hoo+ HAR)TK AT + SAFTHAF, (67)

The plastic collision is defined as the energy minimization
with given conditions[21] which yield a quadratic program-
ming (QP) problem. In this paper, the model is expanded
to the following problem to deal with three dimensional
contact and arbitrary repulsion between plasticity and elas-
ticity.

minimize 1AJ"'TQl Af + qf Af (68)
Af 2
subject to Af.; > 0 and [ AfZ, + Af2; < pAf.469)
where
Q, = K'H'K (70)
0
@ = K'(v +H'Af)+| 0 |v (71
AKT

And ) represents a repulsion coefficient which is arbitrary
set within 0 < \ < 1.
The problem is equivalent to

mini}nize the optimal value of sub-problem (72), (73)
pa 8
L 1] a8, 1" [ 4f, r [ Af,
e | 37 ] @[ 5 | et [ 4
(72)
SU-bjeCt to Afzz Z 0 and |Afm| S MAfzi (73)
where
KT _
Q, = {K’:},]Hl[KT K. | (74)
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[ ﬁ; ] (v + H'Af,) + [ MO(ZT ]«;475)

q =
Afri = Af2 4+ Afy; (76)
Afgi = arctan Afyl/Afm (77)
K, = K,cosAf,+ K,sin Af, (78)

The constraints of the sub-problem become linear, so that
the problem can be solved by non-constraint optimization
algorithm (for example quasi Newton method), including
the QP sub-problem.

The solution of the problem satisfy Kuhn-Tucker’s nec-
essary and sufficient conditions as follows.

wAfy > |AfL] (79)

Affklve < 0 (80)

(b Afs = |Af5D) kv = 0 (81)
Aff >0 (82)

L v+ 2L v > 0 (83)

if [Af;| < p AfZ;

if | Af] = p AF;
(84)

where k,; and k.; denote ith row of the matrices K, and

K ., respectively.

Conditions (79) to (81) are related to the tangent motion.
Here kZ;'er corresponds to the tangent velocity after the
collision due to the principle of the virtual work. Especially,
(81) means that the friction condition is activated (|Af%| =
w Af%) if the contact point slips. If the friction condition
is not activated (|Af%] < p AfE), the tangent velocity
at the contact point becomes zero. (83) means that the
method realizes arbitrary repulsion between plasticity and
elasticity. The motion with the proposed collision behaves
an exact ideal constrained motion.

Afr (kL v + ML v ) =0
kL v+ kL v > |k vy

TABLE II
PARAMETERS OF BIPED ROBOT.

parts size [m] weight [kg]
all 0.99 28.744
head 0.14 x 0.14 x 0.14 (d X w X h) 2.744
arm 0.3 3.5
body 0.4 8
thigh 0.2 2
shin 0.2 2
foot 0.2 x 0.1 (d x w) 15

V. SIMULATION RESULTS

The proposed control is applied to 20 axes human-type
biped robot and is investigated by the proposed precise
3D dynamic simulator. The parameters of the robot is
shown in Table II. The control parameter is set as follows.
The walking velocity: 0.25 [m/s], the walking period: 0.5
[sec/step], the double support period: 0.05 [sec]|, and the
characteristic polynomial: (z — 0.3)3.

The QP is solved by the algorithm in [22].

The snapshots of the simulation is shown in Fig. 7. The
initial movement of COM is finished between [0, 1]. After
that, the walking motion starts. Fig. 8 shows the trajectory
of zero moment point (ZMP). Fig. 9 shows the response of
COM with the reference trajectory, in which the tracking
error converges to zero. From the magnified figures (c) and
(d), the COM follows the inverted pendulum model even
among the stepping period.

The walking motion becomes more robust when the yaw
axis moment is compensated by the arm swing motion[17].

VI. CONCLUSIONS

In this paper the following hierarchical control system is
proposed. 1) a posture controller which consider the phys-
ical constraints of the reactive force/torque on the foot by
quadratic programming. 2) a real-time COM tracking con-
troller by the foot placement with a discrete inverted pen-
dulum model. 3) a three dimensional dynamic simulation
scheme with precise contact with the environment.

When The proposed control system is applied to the 20
axes simulation model, the stable biped locomotion with
a velocity 0.25 m/sec and a stepping time 0.5 sec/step is
realized.
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