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Effects of Dynamical Coupling on Biped-walking Behavior

O Keli Shen(Okayama University)
University)

1. Introduction

In many researches, ZMP control is considered as an
effective method to realize the stable walking by keeping
the calculated point within the convex hull of supporting
area [1]. However, when the calculated point is on the tip
of supporting foot, ZMP cannot work effectively, which
makes the humanoid tend to fall down. Besides, ZMP con-
trol makes the humanoid robots’ waist lower and look like
monkey while walking. These are drawbacks of ZMP con-
trol method. In previous research of our group on VLA
in [2], the incomplete model of humanoid was applied in
which head, arms and torso were neglected. Thus, there
are some drawbacks, i.e., the model was too simple to con-
sider the effect of dynamical coupling of arm and upper
body. However, the new model has been optimized con-
cerning the above problem, and the discussion of slipping
and effectiveness of the model have been proved in [3].

Visual-lifting Approach(VLA) based on visual servoing
has been proposed which can realize the natural walking
with slippage including toe-off state. Real-time position
and orientation tracking method to observe a 3D object
has been proposed as visual pose estimation [4], which is
further applied to measure the robot’s head relative pose.
And some of added feedforward inputs are used to keep
the leg joints rotating for walking and another is used to
swing the waist, which further swings the arms by dynam-
ical coupling. The simulation result indicates that visual
feedback control and feedforward inputs are useful to re-
alize the biped-walking more like human’s dynamics in-
cludes toe-off, slipping and bumping. What’s more impor-
tant in this paper is that simulation results prove the effects
of dynamical coupling on the biped-walking behavior.

2. Dynamical Humanoid Walking Model

The biped-walking robot in Fig. 1 is discussed in this
paper, Table 1 shows length [; [m], mass m; [kg] of links
and coefficient of joints’ viscous friction d; [N-m-s/rad],
which are determined by [5]. This model is simulated as
a serial-link manipulator having branches and represents
rigid whole-body such as feet including toe, torso, arms
and so on and is up to 17 degree-of-freedom. Though mo-
tion of legs is limited in sagittal plane, it generates many
walking gaits since the robot has flat-sole feet and kicking
torque. In this paper, the foot named as link-1 is defined
as “supporting-foot” and the other foot named as link-7 is
defined as “free foot” (“contacting-foot” when the floating
foot contacts with ground) according to gaits. When the
contacting-foot stops slipping which indicates that static
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Fig.1 Definition of biped-walking model, ()~@) repre-

sents link number, N is joint number, g1 ~qi7
is joint angles.

Table.1 Physical parameters

Link l;lm] | m;lkg] | d;[Nms/rad]
Head 0.24 4.5 0.5
Upper body 0.41 21.5 10.0
Middle body 0.1 2.0 10.0
Lower body 0.1 2.0 10.0
Upper arm 0.31 2.3 0.03
Lower arm 0.24 1.4 1.0
Hand 0.18 0.4 2.0
Waist 0.27 2.0 10.0
Upper leg 0.38 7.3 10.0
Lower leg 0.40 34 10.0
Foot 0.07 1.3 10.0
Total weight [kg] — 64.2 —
Total hight [m] 1.7 — —

friction force is exerted to the foot, the contacting-foot
switches to supporting-foot and the previous supporting-
foot is transfered into free foot if it was isolated from floor.

3. Dynamical Calculations Based on NE
Method

3.1 Forward Kinematic Calculations

The equation of motion is derived by following NE
formulation [6]. So the structure of the supporting-foot
must to be considered with two situations. When the
supporting-foot is constituted by rotating joint, the rela-
tions of positions made by rotation must be firstly cal-
culated followed by velocities and accelerations between
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links as forward kinematics procedures from bottom link
to top link. Then if the supporting-foot is slipping, it
should be described as a prismatic joint, which is used for
the modeling of slippage of foot.

The velocity and acceleration of 4-th link are transmit-
ted to 5-th and 8-th link and ones of 10th link transmit to
11th, 14th and 17th link directly because of ramification
mechanisms as shown in Fig.1. For more details about for-
ward kinematic calculation, please read the previous paper

[6].

3.2 Backward Inverse Dynamical Calculations

After the above forward kinematic calculation has been
done, contrarily inverse dynamical calculation from top to
base link are shown as follow. Newton equation and Euler
equation of i-th link are represented by Egs. (1), (2) when
¢I; is defined as inertia tensor of 4-th link. Here, *f; and
in, in 3; show the force and moment exerted on 3-th link
from (i 4 1)-th link based on the coordinates ;.

fi =R T i +mitE (D
n; = iRi+1i+lfi+1 + 0+ fw; X (iIiiwi)
+78; x (mi'8;) + Piv1 x (Ripa™ fir1) )

On the other hand, since force and torque of 5-th and
8-th links are exerted on 4-th link, effects onto 4-th link is
described as:

Yfa="Rs"f5 + ' Rs® fs + my'y, 3)
‘nyg = Rs®ns + *RePng + 1, 0 + fwy x (M1 wy)
+ 484 x (my*84) +*Ps x (*R5° f5)
+ s x ("Rs®fs). €

Similarly, force and torque of 11-th, 14-th and 17-th
links transmit to 10-th link directly.

Finally, equation of motion with one foot standing can
be derived as:

M(q)G+ h(q,q) +g(q) + Dg =T, (5)

For more details about backward inverse dynamical calcu-
lations, please read the previous paper [6].

4. Biped Walking Control Method
4.1 Visual Lifting Approach

This section proposes a visual-lifting feedback to im-
prove the stability of biped standing/walking as shown in
Fig. 2. We apply a model-based matching method to mea-
sure the posture of a static target object described by ()
representing the robot’s head based on X ;7. The relatively
desired posture of ¥ i (coordinate of reference target ob-
ject) and X gz is predefined by Homogeneous Transforma-
tion as #T. The difference of the desired head posture
Y, and the current posture X is defined as H Ty, it
can be described by:
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Fig.2 Concept of Visual Lifting Approach.

Ty, (a(t), (1) = "Tr((t) - "4Tr " ($a(t)), (6)

where “Tg is calculated by v (t). (t) can be mea-
sured by on-line visual posture evaluation proposed by
[4]. However, we assume that this parameter is given di-
rectly. Here, the force is considered to be directly propor-
tional to d1p(t), which is exerted on the head to minimize
5 (t)(= a(t) — 1(t)) calculated from Ty, The devi-
ation of the robot’s head posture is caused by gravity force
and the influence of walking dynamics. The joint torque
7,(t) lifting the robot’s head is donated:

74 (t) = Jn(@) " Kp69(t), ©)

where Jj(q) in Fig. 2 is Jacobian matrix of the head
posture against joint angles from supporting foot to head
including g1, g2, g3, g4, 48, 99, 10, @17, and K, is propor-
tional gain like impedance control. We apply this input to
stop falling down caused by gravity or dangerous slipping
gaits happened unpredictably during walking progress.
We stress that the input torque for non-holonomic joint
such as joint-1, 7, in 7, (¢) in Eq. (7) is zero for its free
joint. d1)(t) can show the deviation of the humanoid’s po-
sition and orientation, however, only position is discussed
in this study.

4.2 Feedforward Inputs

Besides 7,(t), in order to make the floating-
foot and supporting-foot step forward, added input
torques Tt(t) = [0,7}277}3,0,Tt5,Tt6,Tt7,0,"' ,O]T
are used. And another kind of input torques
Tw(t) = [0,-++,0,Tus, 0, ,0]T is used to swing
the roll angle of the waist (joint-8), which further realizes
the arm swinging motion through dynamical coupling.
Here, 7+(t) and 7,(t) are seen as feed-forward input
torques. Here, ¢35 means the time that supporting-foot
and contacting-foot are switched. The elements 7(¢) and
Tws(t) are shown below:
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15cos(27(t — t5)/1.85), (t > 1.0[s]),

Dsin27(t — t3)/1.85), (right foot supporting)
Tws =
® —Dsin2n(t — t2)/1.85), (left foot supporting).

When time ¢ < 1.5[s], T¢2, T¢3, Tt6, Tt7 are set as feed-

back inputs.
T2 — 40(—02 — QQ), (10)
T3 = 50(0.3 — g3), (11)
6 = 100(—0.4 — gg). (12)
60(0.6 — g7), (the first step)
Ti7 = (13)
20(0.35 — q7), (others).

When time ¢ > 1.5[s], 742, T¢3, 16, T¢7 are set as feed-
forward inputs.

T = 10sin(27(t — t2)), (14)
T3 = —10 + 10sin(27(t — t2)), 15)
716 = —20 + 20sin(7(t — ta)). (16)

60, (floating and g7 < 0.6[rad)])
—40, (pointcontacting and g; > 0.35[rad]X17)
0, (in other cases).

Ttr =

Combining three kinds of torques in Eqgs. (6)~(17), the
controller for walking is derived,

T(t) = Th(t) + T (t) + 7w (1). (18)

5. Effects Analyses of Biped Behavior Based
on Dynamical Coupling

In this section, D in Eq. (9) is set as two different val-
ues: D = 25 [Nm] and D = 50 [Nm]. In Eq. (9), Ts(t)
is given the opposite value according to which foot is sup-
porting foot, which swings the waist, further realizing the
swinging of two arms with the opposite directions.

Figure 4 shows the relation of angle and angular veloc-
ity of waist joint. The point (0,0) is the initial state of
wait. The red cycle shows the change ranges of angle and
angular velocity when D is set as 25 [Nm], In this case,
dqs = 0.48[rad], dgs = 2.04[rad/s]. When D is set as
50 [Nm], 6gs = 0.96[rad], d¢s = 4.20[rad/s]. According
to two group data, when the maximum of 7,,5(t) changes
from 25 [Nm] to 50 [Nm], §¢s and d¢g also change about
twice correspondingly, which obeys the principle of con-
servation of energy and Newton’s second law of motion.
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(b)Screen shot of biped walking when D=50 [Nm]

Fig.3 Screen shots of biped walking after entering stable
walking phrase.
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Fig.4 Relation of angle and angular velocity of waist joint.

Figures 5 and 6 show the relation of angle and angular
velocity of right shoulder joint and left shoulder joint after
11-th step of walking representatively. From Fig. 5, when
D is set as 25 [Nm], dgs = 0.72[rad], 6¢s = 2.87[rad/s].
And when D is set as 50 [Nm], dggs = 1.62[rad], dgs =
6.65[rad/s]. Similarly, from Fig. 6, when D is set as 25
[Nm], 6gs = 0.70[rad], 6¢s = 2.90[rad/s]. And when
D is set as 50 [Nm], dgs = 1.62[rad], 6¢s = 6.34[rad/s].
According to the biped walking control method in last sec-
tion, there are no inputs in the joints of two arms. There-
fore, added waist joint input,s(t) has an effect on swing-
ing two arms via the dynamical coupling, also indicating
about twice relation of angle and angular velocity. Fig. 3
(a) and (b) show the appearance of walking after entering
the stable phase correspondingly.

Besides, Fig. 7 shows steplength of walking when D =
25 is bigger than that when D = 50.

6. Conclusion

In this paper, NE method is introduced to explain the
calculation of motion parameters and the relation of joint
force. Visual Lifting Approach and feedforward inputs can
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Fig.5 Relation of angle and angular velocity of right shoul-
der joint.
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Fig.6 Relation of angle and angular velocity of left shoul-
der joint.
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Fig.7 Steplength of biped walking during 100 steps.

make humanoid keep standing and walking. And more im-
portantly, effects of dynamical coupling are verified and
analyzed. Waist joint input 7,5(¢) has influence on walk-
ing behavior and swinging the arms. In our future work,
we will adjust waist joint input to improve the walking sta-
bility and flexibility.
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