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Abstract

Passive Dynamic Walking (PDW) has been receiv-
ing increasing attention as a simple walking method
with no or less control, therefore no or less energy
consumption. To the best of our knowledge, there are
no PDW models with a torso although there have been
already many studies on PDW. This paper presents
the first step towards applying the PDW principle to
humanoid robots by adding a torso to a conventional
PDW model. The computer simulation shows that,
only with a simple PD control applied between the torso
and the stance leg to stand the torso up, the walking of
the PDW robot converges at a stable gait cycle. Three
attempts to reduce the torque to stand the torso up
succeeded. Changing the mechanical properties of the
robot itself with the same controller makes it possible
to suppress the torque to stand the torso up: changing
the posture of the torso, adding the soft leg tips, and
changing the curvature of the sole. Computer simula-
tion results are shown and discussion is given.

1 Introduction

Recently, there have been many humanoid robot
projects, which have published their remarkable re-
sults. These approaches require very exacting work
[4, 8]: they need strict strategies to plan trajectories
very accurately, to control extremely precisely, and
to adopt much powerful actuators. Many researchers
have been studying to tackle these challenging strate-
gies so far.

On the other hand, Passive Dynamic Walking (PDW)
takes an extremely opposite approach to realize biped
walking. A PDW robot can walk with simple strate-
gies, that is, without any planning, any control nor
any actuator. This is because a PDW robot fully uti-
lizes the mechanical property of itself. This approach
may cast new light on the biped walking of a humanoid
robot left behind in the traditional approaches.

PDW is originally proposed by McGeer [5]. He

demonstrated that a PDW robot could walk in a sta-
ble gait cycle both in computer simulations and in
real experiments. Since then, many researchers have
studied this topic. Garcia et al. [2, 3] showed the sta-
bility and chaotic character of PDW. Osuka et al. [7]
demonstrated these characters in real robot. Recently,
some researchers tried to make PDW robot walk not
on a shallow slope but on a level floor [1, 6]. In these
studies, however, a PDW robot has only legs. In or-
der to apply PDW to humanoid robots, it is necessary
to treat a PDW robot as similar as possible to a hu-
manoid robot.

In this paper, we studied a PDW robot with a torso.
Simulation results show that the PDW robot with the
torso can walk in the stable gait cycle under a simple
PD control applied between the torso and the stance
leg to stand the torso up. We also investigated that,
with the same simple control, the torque to stand the
torso up can be suppressed by changing the mechani-
cal properties of the robot itself.

The rest of this paper is organized as follows. In
section 2, a PDW robot with a torso is introduced.
In section 3, the stable gait cycles of the PDW robot
under the simple PD control are demonstrated by sim-
ulations. In section 4, three methods to suppress the
torque are shown: (1) changing the posture of the
torso, (2) adding the soft leg tips, and (3) changing
the curvature of the sole.

2 Passive Dynamic Walking Robot with
Torso

In Fig.1, the PDW robot used in our work is shown.
The robot consists of three rigid links and two joints:
two leg links, one torso link, and two hip joints be-
tween the torso and each of leg link.
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Figure 1: A passive dynamic walking model with
torso. Variables 6, and 6,, are measured from ground-
normal to each link, and 5 is measured from the ex-
tended line of the stance leg to the link of free leg.
The y direction of base coordinate system is defined
as slope-normal. The positive rotation is defined as
counterclockwise.

A PDW robot which consists of only legs can walk
down shallow slope in a stable gait cycle without any
planning, any control, nor any actuator, only given
appropriate initial leg angles and speeds. On condi-
tion that no torque is applied to stand the torso up,
the appropriate initial conditions under which PDW
is possible have not been found in our study so far.
Probably, such a walking mode is considerably unsta-
ble, and even if these pinpoint conditions should be
found on computer simulation, in real world we could
not reproduce these conditions. Then, we decide to ex-
amine the possibility that a PDW robot with a torso
can walk in a stable gait cycle when torque is applied
with a simple PD control scheme given by,

Tw = _kvéw + k(ewd - 9w)7 (1)

where both k, and k are the control gain, 6,4 is the de-
sired angle of 6,, shown in Fig.1, and 7, is the torque
acting on the one hip joint between the torso and the
stance leg. No torque acts on the other hip joint be-
tween the torso and the free leg, that is, the free leg
is a completely passive links.

The floor force is calculated with spring-dumper
contact model here, and it is assumed that the colli-
sion of the free leg is ignored while the free leg passes
through the stance leg. The parameters of the links
are indicated in Tablel.

Table 1: Link name, parameter and values

] name | parameter | value |
leg length [m)] ly =21y 0.6
leg width [m] - 0.03
leg mass [kg] my 1.0

torso length [m] I, = 21y, 0.5
torso width [m] - 0.08
torso mass [kg] myp 3.0

3 Walking in Stable Gait Cycle under
Simple Control

When the walking of the PDW robot with the torso
under the simple control is started with leg angles and
speeds within acceptable ranges, it settles down to a
stable gait cycle at convergence point, as shown in
Fig.2. In Fig.2, #; and 0, indicate the angular velocity
of the stance leg and the free leg just after the colli-
sion of each step, respectively. This graph shows the
transitions of 61 and 0 started from a few examples of
the appropriate initial conditions and the convergence
point in a stable gait cycle.
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Figure 2: A convergence point of a stable gait cycle

It is interestingly that this stable gait cycle is changed
with the same simple control by changing the desired
value of the torso 0,4 as shown in Fig.3. In this graph,
the numbers show the desired angles of the torso 6,4

[deg].
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Figure 3: Convergence points in terms of the desired
valued 0,4

As the stable gait cycle is changed, the gait speed
is also changed as shown in Fig.4 in which the desired
angle 60,4 is represented on the horizontal axis and the
gait speed on the vertical axis. As the torso inclines to
backward, the gait speed slows down. This relation-
ship can be utilized to suppress the torque to stand
the torso up, which is described in the next section.
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Figure 4: Gait speed vs. desired angle 0,4

4 Torque Suppression by Changing the
Properties

In order to decrease the energy consumption to
stand the torso up with the same controller, the torque
has to be suppressed without adding any complex con-
trol schemes. In this section, three attempts of the

torque suppression are given. They are changes in the
mechanical property of the robot itself.

4.1 Changing the posture of the torso

When the desired angle of the torso 6,4 becomes
smaller, the gait speed slows down as described in sec-
tion3. Consequently, the relative velocity of the free
leg to the slope is decreased and thereby, the impact
force at heelstrike is also decreased. These results are
shown in Fig.5 in case of 0,4 = 3, 0, and -3 [deg].
In these graphs, the desired angle of the torso 6,4 is
represented on the vertical axis, and the velocity and
the impact force at heelstrike on each horizontal axis.
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Figure 5: The relative velocity of the free leg to the
slope and the impact force at heelstrike: According to
the backward inclination of the torso, both the velocity
and the impact force are decreased.

In connection with the backward inclination of the
torso, the torque to stand the torso up at heelstirke is
decreased. On the other hand, the torque in walking
is not suppressed. Fig.6 shows the needed torque in
case of 0,q = 3, 0, and -3 [deg]. In this graph, the
torque, T, is represented on the vertical axis, and the
elapsed time on the horizontal axis. The curves are
sifted in this graph due to the difference of each gait
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Figure 6: The torque suppressed at heelstrike by
changing the desired angle of the torso.



4.2 Adding the soft leg tips

When the softer material is attached to the leg tips,
the impact force is decreased more. Assuming the
soft leg tips, the coefficients of spring-dumper contact
model are adjusted. Simulation results show that, as
the leg tips become softer, the needed torque at heel-
strike is suppressed more, but the torque in walking
is not suppressed. Fig.7(a) shows the impact force
at heelstirke and Fig.7(b) shows the needed torque in
case of three hardness of the leg tips labeled “A”, “B”,
and “C”. The label of “A” denotes the hardest leg tips,
and the label of “C”softest leg tips of all three leg tips
in each graph.
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Figure 7: The torque is suppressed more at heelstrike
by changing the materials.

4.3 Changing the curvature of the sole

The torque 7, applied to stand the torso up is
needed for compensation of the rotational moment
Mj, around the hip point which consists of the iner-
tial force —mypaj and the gravitational force mpg,

M, = ryx (fmbah +mbg), (2)

where a, is an acceleration of the hip point, 7, is a
vector from the hip point to the center of mass of the

torso, and the other parameters are shown in Tablel.
Eq.(2) is expanded as follows,

My, = —myprp{cosOy(an,: + gsina)
—sinby,(any — gcosa)}l, (3)

where ay,, is an acceleration of the hip point along x
direction, ap, is an acceleration of the hip point along
y direction, and « is an angle of the slope. Fig.8 shows
the acceleration of the hip point along = and y direc-
tion during two steps. In walking, the acceleration of
the hip point along y direction is almost zero. From
Fig.8, and eq.(3), it can be said that M} is most in-
fluenced by ap,. This may conclude that the torque
is most influenced by the acceleration of the hip point
along z direction.
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Figure 8: The acceleration of the hip point

According to the result described above, the struc-
ture should be changed to suppress the acceleration of
the hip point along x direction a;,. We investigate the
effect of the sole on ap, and the torque 7,,. To con-
sider the effect of the curvature of the sole on ay,, an
inverted pendulum model shown in Fig.9 is proposed.
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Figure 9: An inverted pendulum model to consider
the effect of the sole on ay,;.

A moment of the model around the stance point
M ]5 is calculated as,

M}%(R,Hl) = 7(R,01) x mysg
= mygsinbi(ry — R), (4)

where 7 is a vector from the stance point to the mass
of the model, r¢ is a length of the pendulum, and R is
a foot radius. This equation shows that the moment
is a function of the radius of the sole R and the tilt
angle of the model §;. When R is more than ry, if 6; is
negative, the moment around the stance point is coun-
terclockwise, else clockwise. Therefore, the moment is
exerted so that the inclination of the model 0 is zero.
We may conclude that the effective radius of the sole
to suppress the acceleration of the mass is larger than
the distance ry. Fig.10 shows the relationship between
01 on horizontal axis and M f on vertical axis when R
is 0.0 (solid line), and 0.8 [m] (dashed line).
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Figure 10: MJF”: the moment determined by R and 64

Fig.11 shows the PDW robot with the torso and the
sole. The radius of the sole is changed from 0 [m] to

1.2 [m]. When the radius is larger than 0.6 [m], foot
contact phase and point contact phase appear. This
is because that the length of the arc is kept constant
value(0.16 [m]) in this simulation.
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Figure 11: A PDW model with the soles. There are
two contact phases: point contact phase and foot con-
tact one.

When the radius of the sole is 0.8 [m], the accelera-
tion of the hip point is suppressed to near zero during
the foot contact as shown in Fig.12. This graph shows
the acceleration of the hip joint along x axis during
two steps. Compared with Fig.8(a) and Fig.12, espe-
cially foot contact phase and at heelstrike, the effect
of the sole is evident.
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Figure 12: The acceleration of the hip point along x
direction: R = 0.8 [m]

Consequently, the torque to stand the torso up is
suppressed during foot contact phase and at heelstrike
as shown in Fig.13. This is because that the soles
make the acceleration of the hip point suppressed to
near zero and the gait speed slowed down, too.

5 Conclusion and Future Work

In this paper, a PDW robot with a torso is exam-
ined. Simple PD control is applied between the torso
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Figure 13: The torque suppressed during the foot con-
tact and at heelstrike by changing the structure: the
radius of the sole R = 0.8 [m]

and the stance leg in order to stand the torso up. Sim-
ulation results show that the PDW robot can walk in
a stable gait cycle under simple control. It is also in-
vestigated that the torque to stand the torso can be
suppressed by changing the posture of the torso, by
adding the soft leg tips, and by changing the radius of
the sole. Through these results, we demonstrate that
a PDW robot with a torso can walk in a stable gait
cycle only with a simple control scheme, and that the
needed torque to stand the torso up is suppressed only
by changing the mechanical properties of the robot it-
self.

Our final goal is to build a humanoid robot which
can walk with simple strategies. We are currently
studying the PDW robot with a torso and arms to
compensate the moment around yaw axis, and plan-
ning to build a real robot based on these results.

References

[1] F. Asano, M. Yamakita, and K. Furuta. Virtual
passive dyanmic walking and energy-based control
laws. In Proceedings of the 2000 IEEE/RSJ int.
conf. on Intelligent Robots and Systems, pp. 1149—
1154, 2000.

[2] M. Garcia, A. Chatterjee, and A. Ruina. Speed ef-
ficiency and stability of small-slope 2-D passive dy-
namic bipedal walking. In Proceedings of the 1998
IEFEE int. conf. on Intelligent Robots and Systems,
pp. 2351-2356, 1998.

[3] M. Garcia, A. Chatterjee, A. Ruina, and M. Cole-
man. The simplest walking model:stability, com-
plexity, and scaling. Journal of Biomechanical En-
gineering, Vol. 120, pp. 281-288, April 1998.

[4] Q. Li, A. Takanishi, and I. Kato. Learning control
of compensative trunk motion for biped walking
robot based on zmp stability criterion. In Proceed-
ings of the 1992 IEEE/RSJ int. conf. on Intelligent
Robots and Systems, pp. 597-603, 1992.

[5]

[6]

T. McGeer. Passive dynamic walking. The In-
ternational Journal of Robotics Research, Vol. 9,
No. 2, pp. 62-82, April 1990.

K. Ono, R. Takahashi, A. Imadu, and T. Shimada.
Self-excitation control for biped walking mecha-
nism. In Proceedings of the 2000 IEEE/RSJ int.
conf. on Intelligent Robots and Systems, 2000.

K. Osuka and K. Kirihara. Deveplopment and con-
trol of new legged robot quartet iii -from active
walking to passive walking-. In Proceedings of the
2000 IEEE/RSJ int. conf. on Intelligent Robots
and Systems, pp. 991 — 995, 2000.

J. H. Park and H. Chung. Impedance control
and modulation for stable footing in locomotion
of biped robots. In Proceedings of the 2000
IEEE/RSJ int. conf. on Intelligent Robots and
Systems, pp. 1786-1791, 2000.



