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Abstract This paper concentrates on a biped robot’s turning
behavior that consists of straight and curved walking and the
transition between these two patterns. We investigate how
a robot achieves adaptive walking during such turning by
focusing on rhythm control and propose a locomotion con-
trol system that generates robot motions by rhythmic signals
from internal oscillators and modulates signal generation
based on touch sensor signals. First, we verify that the ro-
bot attains limit cycles of straight and curved walking by
numerical simulations and hardware experiments. Second,
we examine the transition between these walking patterns
based on the basin of attraction of the limit cycles in nu-
merical simulations. Finally, we verify whether the robot
actually accomplishes transition and turning by hardware
experiments. This paper clarifies that the robot establishes
such turning motions by adequate modulation of walking
rhythm and phase through interactions between the dynam-
ics of its mechanical system, oscillators, and environment.
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1 Introduction

Recently, the popularity of studies on biped robots have
increased due to such challenges as inherent poor stabil-
ity, the cooperation of a large number of DOF, nonlinearity
in dynamics, and intermittent constraints of foot contact.
Furthermore, recent advances in hardware and software
technology allow these problems to be tackled, accelerating
the interest. Actually, many sophisticated biped robots have
already been developed that have successfully achieved var-
ious motions.

1.1 Turning behavior

In this paper, we focus on the turning behavior of a biped
robot while it changes walking direction, which is one of
the most fundamental robot behaviors. In particular, we deal
with dynamic turning where a robot changes walking direc-
tion while moving forward. Such turning is accomplished
when the robot’s walking changes from straight walking
to another direction, which is established by temporarily
changing its walking from straight to curved and then vary-
ing it in another straight walking direction (Imai et al. 2001),
as shown in Fig. 1. That is, this motion consists of straight
and curved walking and the transition between these two
patterns.

Stable periodic motions such as walking generate stable
limit cycles in state space. Therefore, locomotion control of
a biped robot implies limit cycle control (Brockett 2003;
Laszlo 1996). Since different periodic motions such as
straight and curved walking have different limit cycles, the
transition between different periodic motions is the same as
the transition between different limit cycles. Even if a robot
establishes periodic motions and stable limit cycles, their
transition is not necessarily confirmed. Therefore, the key
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Fig. 1 Schematic of turning: during turning, robot changes walking
direction by altering walking pattern between straight and curved. It is
comprised of straight and curved walking and the transition between
them

issue to achieve turning motion is confirming the transition
between straight and curved walking.

So far, many studies have developed locomotion con-
trollers, which establish not only straight walking but also
turning, that were verified using hardware experiments (Hi-
rai et al. 1998; Ishida et al. 2003; Kagami et al. 2002;
Kajita et al. 2002; Loffler et al. 2003; Seara and Schmidt
2004). Most are based on model-based approaches that use
inverse kinematics and kinetics and basically generate ro-
bot motions based on such criteria as zero moment point
(Vukobratovi¢ et al. 1990). However, they require accurate
modeling of both the robot and the environment as well
as complicated computations, and the difficulty of achiev-
ing adaptability to various real world environments is often
pointed out.

1.2 Adaptive behavior due to rhythm control

In contrast to robots, animals adapt themselves to various
environments by cooperatively manipulating their compli-
cated and redundant musculoskeletal systems. In neurophys-
iology, many studies have elucidated the control mechanism
of animal walking, revealing that it is generated by central
pattern generators (CPGs) (Grillner 1981, 1985, Orlovsky
et al. 1999). CPGs are comprised of a set of neural oscilla-
tors present in the spinal cord and characteristically have the
following properties:

1. CPGs are responsible for neural activity to generate
rhythmic motor patterns that activate their limbs;

2. Sensory feedback from peripheral nerves modulates the
neural activity of the CPGs.

Animals can immediately adapt to environmental changes
and disturbances by virtue of these features and establish
robust walking.

CPGs have been widely modeled using nonlinear os-
cillators. Taga et al. analyzed human walking using many
links connected to each other through rotational joints and a
network of nonlinear oscillators (Taga et al. 1991, 1995a,
1995b). Their numerical simulations showed that bipedal
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walking is obtained by mutual entrainment between the
dynamics of the musculoskeletal system, the oscillator net-
work, and the environment. Ogihara and Yamazaki realized
bipedal walking using a more physiological and anatomical
model (Ogihara and Yamazaki 2001). Yamasaki et al. simu-
lated bipedal walking using the CPG model and investigated
the functional roles of CPG’s phase reset to achieve robust
walking (Yamasaki et al. 2003). Tomita and Yano carried
out numerical simulations by incorporating a basal ganglia
model (Tomita and Yano 2004).

As well as for human bipedal walking, CPG models have
also been used to design control systems for walking ro-
bots. Fukuoka et al. and Kimura et al. developed quadruped
robots and achieved adaptive quadrupedal walking on irreg-
ular terrain by employing CPG and reflex models (Fukuoka
et al. 2003; Kimura et al. 1999). Lewis and Bekey cre-
ated a quadruped robot that accomplished adaptive walking
by a distributed control system composed of a CPG net-
work using nonlinear oscillators (Lewis and Bekey 2002).
Tsujita et al. proposed a locomotion control system for
a quadruped robot using nonlinear oscillators and built a
quadruped robot that obtained adaptive walking by changing
the gait pattern to reflect walking speed and environmental
variations (Tsujita et al. 2001). Akimoto et al. constructed
a locomotion controller for a hexapod robot and realized
an adaptive gait pattern based on walking speed (Akimoto
et al. 1999). Inagaki et al. developed a decentralized six-
legged robot and generated a gait pattern for it through
their CPG model (Inagaki et al. 2003). Crespi et al., Ijspeert
et al., and Inoue et al. created salamander and snake-like
robots that accomplished serpentine meandering locomo-
tion through a neural oscillator network (Crespi et al. 2005;
Ijspeert et al. 2005, 2007; Inoue et al. 2004).

CPG models are also used to control biped robots. Lewis
et al. built a biped robot that achieved two-dimensional
bipedal walking generated by a silicon CPG chip and sen-
sory signals (Lewis et al. 2003). Nakanishi et al. developed
a biped robot that also obtained two-dimensional bipedal
walking by employing nonlinear oscillators and phase re-
set (Nakanishi et al. 2004). Righetti and Ijspeert proposed a
locomotion control system for a biped robot using nonlin-
ear oscillators based on a learning framework (Righetti and
Ijspeert 2006).

As cited above, many studies have developed bipedal
locomotion controllers and analyzed locomotion based on
CPG models by numerical simulations and hardware ex-
periments. Although they accomplished significant walking
adaptability, their control systems tend to be complicated
with intricate essentials. On the contrary, we proposed a
simple control system for a biped robot by referring to the
above CPG characteristics and established adaptive straight
walking against environmental variations and disturbances
(Aoi and Tsuchiya 2005). Furthermore, not only based on
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hardware experiments, we also clarified such dynamical
characteristics based on analytical approaches using simpli-
fied models (Aoi and Tsuchiya 2006a, 2006b, 2007).

1.3 Adaptive behavior due to muscle tone control

From neurophysiology, it has been revealed that as well
as rhythm control, muscle tone control also plays an im-
portant role in generating adaptive motions (Mori 1987;
Rossignol 1996; Takakusaki et al. 2003, 2004), suggesting
the importance of compliance in walking. Actually, many
studies on robotics have demonstrated the essential roles
of compliance. Specifically, by appropriately employing the
mechanical compliance of robots, simple control systems at-
tained highly adaptive, robust, and agile motions, especially
in multi-legged (Aoi et al. 2007), hexapod (Altendorfer et
al. 2001; Cham et al. 2004; Quinn et al. 2003; Saranli et al.
2001), quadruped (Fukuoka et al. 2003; Kimura et al. 1999;
Poulakakis et al. 2005), and biped robots (Takuma and
Hosoda 2006; Wisse et al. 2005).

As mentioned above, many researchers have been in-
spired by biologically and physiologically obtained results
and actually achieved adaptive robot walking. However,
note that most of these robots are controlled by motors
whose actuators are completely different from animal mus-
cles. In motor control, robot joints are generally manipulated
so that they follow the desired trajectories by incorporat-
ing local high-gain feedback control. Since this means that
robot motions are kinematically determined, it is difficult
for motors to adequately control compliance during walk-
ing. However, robots easily modify their walking rhythm
by modulating kinematical trajectories based on sensory in-
formation. Therefore, for motor-driven robots, developing
a control system by focusing on walking rhythm based on
biological and physiological results may be one method to
establish adaptive walking.

1.4 This study’s approach

Adaptive behavior requires adequate modulations of mo-
tion and response depending on such situations as walking
speed and direction, physical properties, and the environ-
mental situation. As mentioned above, general model-based
approaches have difficulty achieving adaptability, meaning
that in these approaches the robot is too rigid to appro-
priately react to various situations. Therefore, to realize
adaptive behavior the key issue is establishing a soft robot
by designing an internal structure that adequately changes
the response depending on the situation.

In our previous work (Aoi and Tsuchiya 2005), we de-
signed a simple control system for a motor-driven biped
robot by focusing on CPG characteristics, which had an in-
ternal structure composed of nonlinear oscillators, that gen-
erated robot kinematics and appropriately changed response

depending on the situation. Specifically, we generated robot
kinematical motions using rhythmic signals from internal
oscillators that responded to sensory signals and modulated
the rhythmic signals and physical kinematics, resulting in
three-dimensional, stable, adaptive straight walking. This
means that a robot driven by this control system established
adaptive straight walking not by calculating the physical
kinematics in real-time based on an optimization criterion
but by adequately changing the internal states depending on
the situation. As a result of the changes in internal states, we
clearly demonstrated that the modulation of walking rhythm
plays an important role in generating adaptive straight walk-
ing.

In this paper, we extended this control system to ob-
tain turning behavior to maintain a simple control system.
Although this extension is straightforward and the control
system remains simple, the robot achieves interesting adap-
tive behavior through interactions between the dynamics
of its mechanical system, the internal structure, and the
environment. To elucidate the mechanism that establishes
adaptive turning behavior, we investigated the roles of the
internal structure in its control system by focusing on walk-
ing rhythm. We used HOAP-1 (Fujitsu Automation Ltd.,
http://www.automation.fujitsu.com/en/), a biped robot in-
troduced in Sect. 2, and analyzed its turning dynamics by
considering that it consists of straight and curved walking
and the transition between them, as mentioned above. Sec-
tions 3 and 4, respectively. Section 5 addresses the transition
of walking patterns and turning. Sections 6 and 7 include
discussion and conclusion, respectively.

2 Biped robot model

In this paper, we used HOAP-1 (Fujitsu Automation Ltd.),
a biped robot shown in Fig. 2(a). Figure 2(b) shows its
schematic model. The robot consists of a trunk, a pair of
arms composed of four links, and a pair of legs composed
of six links. Each link is connected to the others through a
single degree of freedom rotational joint. Each joint has a
proprioceptive sensor to monitor the joint state and is driven
by a motor. Four touch sensors are attached to the sole of
each foot. This robot has a three-axis gyrosensor used to
monitor steady periodic motion. Its left and right legs are
numbered Legs 1 and 2, respectively. Leg joints are num-
bered Joints 1...6 from the side of the trunk. Joints 1, 2,
and 3 are hip joints, Joint 4 is a knee joint, and Joints 5 and
6 are ankle joints. Specifically, Joint 1 is a yaw joint, Joints
2 and 6 are roll joints, and Joints 3, 4, and 5 are pitch joints.
The arms are numbered in a similar manner. To describe the
configuration of the robot, we introduce angles 6?1"% j and 9]’;,(
(i=12,j=1,...,4,k=1,...,6), which are rotation an-
gles of Joint j of Arm i and Joint k of Leg i, respectively.
Table 1 shows the physical parameters of the robot.
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Fig. 2 Biped robot model: (a)
and (b) show HOAP-1 (Fujitsu
Automation Ltd.) and its
schematic model [mm)],
respectively

Table 1 Physical parameters of HOAP-1

Link Mass [kg] Length [m]
Trunk 2.34 0.20
Leg 1.32 0.28
Arm 0.43 0.22
Total 5.84 0.48

In numerical simulations, we derived equations of motion
for this multi-linked rigid body system using Lagrangian
equations in which the ground is modeled as a spring with a
damper (Aoi and Tsuchiya 2005), and we used the fourth or-
der Runge—Kutta method with step size 1 ms. Note that we
verified the validity of the simulations by investigating such
conditions as energy conservation, angular momentum con-
servation, and reaction forces from the ground under specific
conditions.

In hardware experiments, we also used a host computer
(Equivalent Pentium IIT 700 MHz, RT-Linux) to calculate
the nominal joint trajectories and solve the phase dynamics
of the oscillators, which we will explain below. The robot
had power supply and Universal Serial Bus (USB) cables
and received nominal joint trajectories as command signals
by the USB cable from the host computer every 1 ms.

3 Adaptive behavior in straight walking

As mentioned in Sect.1.1, the turning behavior considered
in this paper consists of straight walking, curved walking,
and the transition between them. First, in this section we
briefly describe the designed locomotion control system that
obtained straight walking in our previous work (Aoi and
Tsuchiya 2005).
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3.1 Locomotion control system for straight walking

The designed locomotion control system consists of a mo-
tion generator and controller (see Fig. 3(a)). The motion
generator is composed of rthythm and trajectory generators.
The rhythm generator has two types of oscillators: Motion
and Inter (see Fig. 3(b)). The Motion oscillators consist of
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Legs 1 and 2, Arms 1 and 2, and Trunk oscillators. The tra-
jectory generator creates nominal trajectories of all joints
using the phases of Motion oscillators, which are sent to
the motion controller. The motion controller is comprised
of motor controllers that manipulate the joint motions using
local high-gain feedback control to follow the generated tra-
jectories in the trajectory generator. Although we concisely
describe the controller below, see (Aoi and Tsuchiya 2005)
for further details.

3.1.1 Trajectory generator

As described above, the trajectory generator creates nominal
trajectories of all joints based on the phases of Motion oscil-
lators. Note that since our purpose was to elucidate how to
achieve adaptive walking, we employed simple trajectories
for the joints to avoid restricting application possibilities and
to determine the essentials.

First, let ¢£, qbg, ¢é1, and ¢1 (i = 1, 2) be the phases of
Leg i, Arm i, Trunk, and Inter oscillators, respectively. The
nominal trajectories of the arm joints are designed so that the
arms oscillate relative to the trunk in the pitch plane. Specif-
ically, nominal trajectories éix j i=12,j=1,...,4) of
Joint j of Arm i are given by the functions of phase ¢g of
Arm i oscillator and written by

Oa1(¢h) = Acos g,
0i,(9}) =0,
0i5(¢}) =0,
0h4 (@) =m/2,

(M
i=1,2,

where A is the nominal amplitude of the arm motion.

The nominal trajectories of the leg joints are determined
by designing the nominal trajectory of the foot relative to
the trunk. The nominal foot trajectory consists of the swing
and stance phases, where the trunk has a constant nominal
posture angle C with respect to the line that involves ante-
rior extreme position (AEP) and posterior extreme position
(PEP) (see Fig. 4). The former is composed of a simple
closed curve that includes points AEP and PEP. This tra-
jectory starts from point PEP and continues until the leg
touches the ground. The latter consists of a straight line from
the foot landing position (LP) to point PEP. Therefore, this
trajectory depends on the timing of the foot contact with the
ground in each step cycle. These two nominal trajectories of
the foot give nominal trajectories éﬁ i (i=1,2,j=3,4,5)
of Joint j (hip, knee, and ankle pitch joints) of Leg i by the
functions of phase ¢£ of Leg i oscillator written by 91 j (qb]’;),
where we use ¢>£ = 0(2m) at point PEP and ¢£ = ¢3AEP at
point AEP. Note that nominal stride S is given by the dis-
tance between points AEP and PEP, and duty factor ﬁ is

41
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Fig. 4 Nominal foot trajectory
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Fig. 5 Nominal trajectories éﬁ/ (i=1,2, j =3,4,5) with respect
to phase ¢; of Leg i oscillator where point LP equals point AEP
and B = 0.7, where 0 < ¢£ < 0.67 indicates the swing phase and
0.6 < ¢; < 2m corresponds to the stance phase

given by the ratio between the nominal stance phase and
step cycle durations. Figure 5 illustrates nominal trajectories
élij (i=1,2, j =3,4,5) with respect to phase d)i of Leg
i oscillator where point LP is equal to point AEP, using the
following parameters: §=3 cm, B=0.7, and C = 12°, where
qBAEp =0.6r,0< ¢£ < ¢A)AEP indicates the swing phase, and
$AEP < qb{ < 27 corresponds to the stance phase.
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The nominal trajectories of the arm and leg joints de-
scribed above are only considered on the pitch plane. How-
ever, since the biped robot walks in three-dimensional space,
it might topple laterally especially when only supported by
one leg. Therefore, the nominal trajectories of the hip and
ankle roll joints are designed so that the roll motion of the
trunk achieves periodic motion whose cycle resembles the
step cycle and compensates for lateral motion, preventing
the robot from falling laterally. Thus, nominal trajectories
QAI’;]. (i=1,2, j=2,6)of Joint j (hip and ankle roll joints)
of Leg i are given by the functions of phase ¢t of Trunk
oscillator and written by

01 (¢r) = Beos(pr +v) — (—1) 4,

2
0l 6(¢1) = —Bcos(¢r +v) + (=14, i=1,2, @
where B and Y are the nominal amplitude and phase of this
roll motion and A is the nominal bias angle to avoid a colli-
sion between the legs. Since we don’t consider yaw motion
in straight walking, we use é]il =0 =1,2)forJoint 1 (hip
yaw joint) of Leg i.

3.1.2 Rhythm generator and sensory feedback
In the rhythm generator, Motion and Inter oscillators gener-

ate rhythmic behavior based on the following phase dynam-
ics:

d1 =0+ g1,

=0+ 217,

S . . 3)
¢5\=a)+gllAs i=1,2,

¢£=&)+giL+g5L’ i=12,

where g1, g1T, g‘iA, and g’iL (i = 1,2) are functions re-
garding the nominal phase relationship shown below, g5,
(i =1,2) is a function arising from the sensory feedback
given below, and @ is the nominal angular velocity of each
oscillator obtained by

A

1-p
fSw

&=27 “

where Ty is the nominal swing phase duration.

To establish stable bipedal walking, the essential problem
is coordination of the joint motions: interlimb coordination
is the key. For example, both legs must move out of phase
to keep the robot from falling over. Since the nominal joint
trajectories for the trunk and limbs are designed in the pre-
vious section by oscillator phases, interlimb coordination is
given by the phase relation, that is, the phase differences be-
tween oscillators. Functions g1, g1T, g’iA, and giL in (3)
deal with interlimb coordination and are given by the phase
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differences between the oscillators based on Inter oscillator,
written by

2
gi=—Y Kysin(g —¢f + (=1)'w/2),

i=1

git = —Krsin(ér — ¢n), (5)
gl =—Kasin(h — i+ (—)in/2), i=1,2,
gl =—Kysin(¢} — 1 — (—1in/2), i=1,2,

where the nominal phase relations are given so that both the
arms and legs move out of phase and one arm and the con-
tralateral leg move in phase and K1, Ka, and Kt are gain
constants.

As well as interlimb coordination, modulation of walking
rhythm is an important factor to generate walking. As men-
tioned in Sect. 1.2, CPGs in animals modulate neural activity
in response to sensory information and achieve robust walk-
ing. Function gé’L) modulates walking rhythm through phase
modulation of the leg oscillators based on sensory signals.
Specifically, when the foot of Leg i lands on the ground,
Leg i oscillator receives a feedback signal from the touch
sensor (i = 1, 2). Instantly, phase cbi of Leg i oscillator is
reset to nominal value (f;AEp from value ¢liand at the landing.
Therefore, function géL is written by
1 = (PAEP — $lona)(t — ligng)s i =1.2, ©)
where qAﬁAEp =2m(1l — B ), tliand is the time when the foot of
Leg i lands on the ground (i = 1, 2), and § (-) denotes Dirac’s
delta function. Note that touch sensor signals modulate not
only the walking rhythm but also the robot joint motions,
as described in Sect. 3.1.1. Some studies employed phase
resetting and demonstrated its significant role in stabilizing
the walking motion of biped robots (Nakanishi et al. 2004,
2006).

Using this control system, the robot is driven by rhythmic
signals from the oscillators and achieves adaptive straight
walking by adequately modulating walking rhythm depend-
ing on sensory signals verified by numerical simulations
and hardware experiments that employed environmental
changes and disturbances.

3.2 Limit cycle of straight walking

In this section, we show the obtained limit cycle of straight
walking. In particular, throughout this paper we investi-
gate two types of locomotion speed, low and moderate.
When humans change walking speed, the swing phase du-
ration remains constant, and the duty factor chiefly changes
(Orlovsky et al. 1999; Nilsson and Thorstensson 1989).
Therefore, we use nominal swing phase duration f"sW and
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stride $ as 0.3 s and 3 cm, respectively, and employ nomi-
nal duty factor B as 0.7 for slow speed and 0.5 for moderate
speed. It follows that the nominal step cycle and locomo-
tion speed become 1.0 s and 4.3 cm/s for slow speed and
0.6 s and 10 cm/s for moderate speed. The other para-
meters in the control system are set as follows: Kt =5,
Ka=5,KL=10, A=10° ¢ = —150°, A=2°, B="7°
(for B =0.7), 2° (for B =0.5), and C = 12°. Note that these
parameters are determined so that the robot obtains stable
straight walking in numerical simulations, verified by using
a Poincaré map, and then we apply them to hardware exper-
iments.

Figures 6(1) and (2) show the roll and pitch motions of
straight walking, respectively, obtained by numerical sim-
ulations and hardware experiments. Specifically, A and B
depict the time-series data of angular velocity at low (,é =
0.7) and moderate speeds (B =0.5), respectively. C and D
show the limit cycle of straight walking at low (,é =0.7) and
moderate speeds ( ﬁ =0.5), respectively, where we averaged
these motions in hardware experiments because they slightly
fluctuated. Since we used a three-axis gyrosensor to moni-
tor these motions in the experiments, angle data have more
error between the numerical and hardware results than an-
gular rate data. Although such errors exist, they have almost
similar results.

4 Adaptive behavior in curved walking
4.1 Curved walking strategy

In this section, we discuss curved walking. As mentioned
in Sect. 1.1, a model-based approach is often used to ac-
complish various motions. However, elaborate computations
are required, as is precise modeling of both the robot and
the environment, which restricts the possibility of attain-
ing adaptability and robustness. Such an approach is not
suitable, since the aim of this paper is to elucidate how to
establish adaptive walking through interactions between the
dynamics of a robot’s mechanical system, its internal oscil-
lators, and the environment, as achieved in straight walking.
Therefore, to obtain curved walking and clearly investigate
it, we slightly extend the locomotion control system de-
signed and described in the last section and retain a simple
control system.

To design a strategy for robot curved walking, we re-
fer to human curved walking. In human curved walking,
walking direction only changes when the external foot is in
contact with the ground, and straight walking is sustained
when the internal foot has such contact; that is, curved walk-
ing is comprised of successive quick turnings and straight
walkings (Courtine and Schieppati 2003a; Imai et al. 2001).
Specifically, such turning motions are accomplished by ro-
tating the trunk using the hips and then stepping in the

new direction (Hase and Stein 1999; Hollands et al. 2001).
Therefore, the following procedure between two successive
onsets of the swing phase of the internal foot is considered
the basic actions of robot curved walking:

1. When the internal foot is in the swing phase, the trunk
and internal leg are rotated in the new direction by ma-
nipulating the hip yaw joint (Joint 1) of the external leg.

2. When the internal foot touches the ground and becomes
the stance phase and when the external leg is in the
swing phase, the external leg is also rotated in the new
direction by manipulating the hip yaw joint of the exter-
nal leg.

These basic actions mean that the robot simply changes the
stepping direction of the swing leg using the hip yaw joint,
as shown in Fig. 7. In particular, the robot uses the hip yaw
joint of its right leg to curve to the left depending on the
phase of the left leg and uses the hip yaw joint of its left leg
to curve to the right depending on the phase of the right leg.
Note that the robot did not actively use the hip yaw joint in
straight walking, as described in Sect. 3.1.1. Also note that
in curved walking the robot uses the other joints in the same
way as straight walking.

To ascertain the new direction during curved walking, we
introduce parameter Y’ that determines the turning angle per
step of Leg i (i = 1,2), where Y! > 0 and Y2 > 0 indicate
curved walking to the right and left, respectively. Based on
the basic actions of curved walking, nominal trajectory 6‘11
(i =1,2) of Joint 1 (hip yaw joint) of Leg i is designed
using phase ¢t of Trunk oscillator by

DY oo ST (D)2
>t PaEp/m }

0<¢r— (—1)in/2 (mod 27) < Pagp,

0l (pr) = = _
L1 (@ DY) oos Z=Gr=C1in/D))
2 2—papp/T ’
dagp < o1 — (—1)'7/2 (mod 27) < 27,
i=1,2 (7

where a (mod b) indicates the remainder when a is divided
by b. Note that Y'! = ¥? = 0° implies straight walking, and
the robot is not allowed to implement a change of walk-
ing direction with ¥! > 0° and Y2 > 0°. This equation
indicates the following: when the robot curves to the left
(Y2 > 0), it uses hip yaw joint éfl of the right leg de-
pending on the phase of the left leg; since the phase of
Leg 1 oscillator is written as ¢t — /2 (mod 27) from
the phase relation described in Sect. 3.1.2, 0 < ¢ — 7/2
(mod 277) < ¢agp indicates the swing phase of the left leg
and (fA)AEp < ¢t — /2 (mod 27) < 27 implies the stance
phase of the left leg; during the swing phase of the left leg,
the robot faces the left by manipulating the hip yaw joint
of the right leg following the upper equation of (7); dur-
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Fig. 6 Periodic states in L A A
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(2) pitch motion
ing the stance phase of the left leg, the robot rotates its R’ becomes equivalent to
right leg by using the hip yaw joint of the right leg in the
new direction following the lower equation of (7); when the  5; _ 360° S i— 12 @)
robot curves to the right (Y > 0), it follows a similar pro- Yi on B’ ’

cedure.
Since nominal locomotion speed is given by Sa —
/§ )/( ,3 f‘SW) (Aoi and Tsuchiya 2005), nominal curved radius

where R! and R? indicate the radius during curved walking
to the right and left, respectively.
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Fig.7 Stepping direction of legs in straight and curved walking

Using this simple strategy, we investigate curved walk-
ing of the robot by the numerical simulations and hardware
experiments listed below.

4.2 Limit cycle of curved walking

The proposed strategy for curved walking merely changes
the stepping direction of the swing leg. Although this is not
designed for the robot to achieve stable curved walking, this
control system does establish stable curved walking. In this
section, we first show the obtained limit cycle of curved
walking and investigate the mechanism for establishing it
in the next section.

Figures 8(1) and (2) show the roll and pitch motions of
curved walking, respectively, obtained by numerical sim-
ulations and hardware experiments, where we used the
following parameters: ¥'! = 0° and ¥? = 15°, which mean
the robot’s curved walking to the left with 15° of turning
angle per step. Specifically, A and B display the profile
of angular velocity at low (B = 0.7) and moderate speeds
(B =0.5), respectively, and C and D show the phase diagram
at low (,3 = 0.7) and moderate speeds (/§ = 0.5), respec-
tively. These figures verify that numerical simulations attain
the limit cycle of curved walking and that hardware experi-
ments accomplish periodic curved walking. Although errors
exist between the numerical and hardware results, they have
almost similar results. Note that the limit cycle obtained in
the numerical simulations was also verified using a Poincaré
map (for details see Aoi and Tsuchiya 2005).

Figures 9(1) and (2) depict the trunk trajectory projected
on the ground during curved walking at low (,é =0.7) and
moderate speeds (3 = 0.5), respectively, obtained by nu-
merical simulations and nominal curved radius R in (8).
Although errors remain between the obtained and nominal
trajectories, the robot adequately achieves curved walking
without a feedback controller to keep it on the nominal tra-
jectory.

4.3 Adaptive curved walking due to sensory feedback
4.3.1 Investigation based on turning angle

In this section, we examine how this control system estab-
lishes stable curved walking. As mentioned in Sect. 4.1,
turning angles ¥'! = Y2 = 0° indicate straight walking. Our
previous work (Aoi and Tsuchiya 2005) investigated how
this control system accomplishes stable straight walking,
revealing that adequate modulation of walking rhythm in
response to sensory information plays an important role in
generating stable and adaptive straight walking. Therefore,
we focus on these parameters and examine the behavior in
various kinds of curved walking.

At the beginning of the numerical simulations and hard-
ware experiments, turning angles Y! and Y2 were both
set to 0°: the robot walks straight. Then, we gradually in-
creased turning angle Y2 to induce curved walking to the
left while the robot is walking. Figures 10(1) and (2) show
the results at low (,é = 0.7) and moderate speeds (3 =0.5),
respectively, obtained by numerical simulations and hard-
ware experiments. Specifically, A and B show the resultant
duty factors and step cycles, respectively, of the left and right
legs versus turning angle Y2, where resultant duty factor g
(i =1,2) of Leg i is calculated by the ratio between the re-
sultant stance phase and step cycle durations. These figures
indicate that an increase in turning angle decreases resultant
duty factor B! of the left leg (internal leg) and increases re-
sultant duty factor 82 of the right leg (external leg), while the
step cycle remains almost unchanged. When turning angle
Y2 exceeded 20° at low speed (,é = 0.7) and 40° at mod-
erate speed (/§ = 0.5) in hardware experiments, we could
not achieve reasonable data. Figures 11(1) and (2) show
comparisons of the curved radius with respect to turning an-
gle Y2 between the numerical and experimental results and
nominal value in (8) at low (ﬁ = 0.7) and moderate speeds
(,3 =0.5), respectively, calculated by trunk trajectories pro-
jected on the ground in numerical simulations and by foot
positions in hardware experiments. Although discrepancy
exists between the simulation and experimental results and
the nominal value especially as the turning angle decreases,
the robot establishes appropriate curved walking without a
feedback controller that helps the robot follow the nominal
trajectory.

In straight walking, the robot has kinematically identi-
cal periodic motions between the left and right limbs and
can walk straight, although the motion phases differ al-
most half a step cycle. In that sense, the robot’s straight
walking motions are kinematically symmetric between the
right and left limbs. On the other hand, in curved walk-
ing, the robot has kinematically different periodic motions
between the left and right limbs and walks to the right or
left. For example, in this paper, this corresponds to the mo-
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Fig. 8 Periodic states in curved
walking, obtained by numerical
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tions of the hip yaw joints, as designed in (7), meaning
that the robot motions of curved walking are kinemati-
cally asymmetric between the right and left limbs. Such
asymmetry, which is crucial in the dynamics of curved
walking, generally lowers walking stability. Therefore, to
achieve stable curved walking, a mechanism is necessary to
compensate for the decreased stability caused by asymme-
try.
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(2) pitch motion

Asymmetry in curved walking both kinematically and
dynamically influences walking. Its most crucial effect is on
the timing of the foot contact with the ground. In straight
walking, the foot contacts of the right and left legs occur
almost out of phase. However, in curved walking, asymme-
try results in timing changes. Therefore, swing and stance
phase durations are almost identical between the legs in
straight walking and different in curved walking. As shown

www.manaraa.com



Auton Robot (2007) 23: 37-57 47

Fig. 9 Trunk trajectory during 0.4 —— ‘ 0.4 — :
curved walking. (1) and (2) Numerical Slmglrﬁ?r?aﬂ - Numerical Simulation
show results at low (8 =0.7) 03| A 03 1
and moderate speeds (8 = 0.5),
p 0.2 1 0.2 1 1
respectively
E 0.1 1 E 0.1 1
[ N
S ol 1 & ol ]
-0.1 1 -0.1 1
-0.2 | E 02t i
-0.3 | | | | | -0.3 | | | | |
-03 -02 -0.1 0 0.1 02 03 -0.3 -02 -0.1 0 0.1 02 0.3
ro1 [m] ro1 [m]
(1) low speed (5 =0.7) (2) moderate speed (5 = 0.5)
Fig. 10 Curved walking with A Numerical simulation Hardware experiment
respect to turning angle per step
¥? at (1) low speed (8 = 0.7) 082 | ‘ ‘ Legl - | 082 | ‘ ‘ Leg1 - |
: leg2 ~ : Leg2 ~
and (2) moderate speed NoTaRal e Nom] e
(B=0.5). A and B show 08 | ] 08 ek
resultant duty factor and step o 078 es——_— o 078" o X
cyclfes, respectively, VCI'S2US ks 076 % | 3 076 Eo " e b e
turning angle per step Y. Left z Z e T
and right sides of figures are Q 074t 1 Q o074t 1
obtained by numerical o072 | | 072 | |
simulations and hardware ' '
experiments, respectively 0.7 ‘ ‘ ‘ 0.7 ‘ ‘ ‘
B 0 5 10 15 20 0 5 10 15 20
Turning Angle [deg] Turning Angle [deg]
2 1.05 : : : 1.05 : : ;
i) —
S 1 -
o °
g 095 & 095 F S O SRS
o Legl + o Leg1 +
s 09r Leg2 x & 097 Leg2 =
ij 0.85 ‘ ‘ Nominal - 085 ‘ ‘ Nominal -
0 5 10 15 20 0 5 10 15 20
Turning Angle [deg] Turning Angle [deg]
(1) low speed (B = 0.7)
A Numerical simulation Hardware experiment
o Leg 1 + 0 Leg 1 +
Leg2 x Leg2 x
0.65 1 Nominal - 4 0.65 |- Nominal - 1
o 06F 1 o 06F 1
= kwﬁfﬁﬁx B RIS 20000000
T | T e . b < o X000 . 1
S 055 ey z 050
=] =1 e,
a a b,
05 05
0.45 ¢ ] 045 T e e
04 L L L L L L L 04 L L L L L L L
B 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Turning Angle [deg] Turning Angle [deg]
0.64 : : : : : : : 0.64 : ; ; ; ‘ ‘ ‘
o) o)
% 06 % 0.6 VNS oot ? St Sioody
3 os6t 1 3 o056} 1
: | g 1
2 eq x 2 eg x
S ‘ ‘ ‘ Nominal -—-— | S ‘ ‘ ‘ Nominal - ]
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Turning Angle [deg] Turning Angle [deg]
(2) moderate speed (8 = 0.5)
iy "' @ Springer
-
ol 4
J : Www.mahnaraa.com




48 Auton Robot (2007) 23: 37-57
Fig. 11 Curve.d radius ngh 07 . Hardware Experiment 07 Hardware Experiment
respect to turning angle Y T 06 Numerical Simulation T 06 Numerical Simulation
between numerical and = 05| Nominal = 05 Nominal
experimental results and § 04 L § 04
i o o
ngmmal value at (1) low T o3} T o3t
(B =0.7) and (2) moderate ® ool ® o
5 _ 5 . S - P
speeds (8 =0.5) S o1l O g1l .
0 ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 0 5 10 15 20 25 30 35 40

Turning Angle [deg]

(1) low speed (8 = 0.7)

in Figs. 10(1) and (2)A, this leads to identical duty factors
in straight walking (Y2 = 0°) and different duty factors in
curved walking (Y2 > 0°) between the legs.

Based on foot contacts, this control system modulates
walking rhythm by resetting oscillator phases, as mentioned
in Sect. 3.1.2. It also modulates joint motions by switching
the foot trajectories from the swing to the stance phase, as
described in Sect. 3.1.1. Note that this control system has
separate oscillators for the legs, namely, Leg 1 and Leg 2
oscillators, which directly modulate their own phases and
corresponding joint motions in response to the foot contacts
of the corresponding leg. Therefore, this control system can
generate different rhythms between the legs.

The robot has difficulty establishing stable walking when
the right and left legs have different rhythms. In this control
system, the oscillators have interaction (5), as mentioned in
Sect. 3.1.2, that attempts to maintain the phase difference
between Leg oscillators as out of phase. These interactions,
in fact, realize almost the same rhythm between the legs, de-
spite the shift of difference in foot contact timing between
the legs from out of phase. Thus, in such walking that has
asymmetry as curved walking, this control system compen-
sates for the decreased stability caused by asymmetry by
modulating the phase and timing of robot motions in each
limb, while generating the same rhythm in the robot motions
through interactions between oscillators. Figure 10 actually
suggests this point, which we investigate in the next section.

4.3.2 Investigation of phase modulation

Courtine and Schieppati (2003b) studied human turning and
revealed not only spacial asymmetry between leg motions
but also temporal asymmetry. Specifically, when human
walking changes from straight to curved, the duty factor of
the external leg decreases due to a reduction in the stance
phase duration and an increase in the swing phase dura-
tion despite almost no change in the step cycle duration; the
opposite occurs in the internal leg. This feature resembles
the results obtained in Fig. 10. Furthermore, Courtine and
Schieppati found that although the phase lag between leg
motions in human straight walking is almost out of phase,
in human curved walking it shifts from out of phase. As
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Turning Angle [deg]

(2) moderate speed (8 = 0.5)

pointed it out in the previous section, to examine the details
of this point we introduce phase lag A¢, referring to their
definition,

Ad =360° x At)T )

where At indicates the difference between the time when the
external foot lands on the ground and the time halfway be-
tween two successive internal foot landings and 7 indicates
the step cycle duration of the internal leg. Note that phase lag
A¢ is different from phase lag q‘)i — ¢f calculated from the
phases of Leg oscillators, A¢ = 0° indicates that the inter-
nal and external legs are out of phase, and A¢ > 0° implies
a phase lag of the external leg with respect to the internal
leg. Figures 12(1) and (2) show phase lag A¢ for turning
angle per step Y2 at low (;é = 0.7) and moderate speeds
(/§ = 0.5), respectively, obtained by numerical simulations
and hardware experiments. Although errors exist between
numerical and hardware results, they have similar proper-
ties. These figures suggest that although in straight walking
(Y? = 0°), the phase lag between the legs is out of phase,
asymmetry from the increase in the turning angle increases
the phase lag, similar to human walking.

As described in Sect. 3.1.2, the phases of Leg oscilla-
tors are reset based on the timing of foot contact. Therefore,
phase lag due to the timing of foot contact causes the phase
difference to fluctuate between Leg oscillators. On the other
hand, interaction between Leg oscillators given in (5) at-
tempts to maintain the phase difference of Leg oscillators as
out of phase, actually resulting in the same rhythm between
the legs, as mentioned in the previous section. Although
phase lag lowers the stability of straight walking, the tem-
poral asymmetry associated with it helps compensate for the
spacial asymmetry arising from the kinematical differences
between leg motions for achieving adaptive curved walking.

5 Transition of walking patterns and turning
In this section, we analyze robot turning. As explained in

Sect. 1.1, turning is achieved by the transition between the
straight and curved walking. Furthermore, as mentioned in
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. . . . i e attraction
ing of robot motions is only turning angle Y* (i = 1,2). curved walk
Therefore, the robot can kinematically change its walking -
pattern using turning angle Y. Transition 1: Success
As described in Sect. 1.1, since steady walking attains ¢ Limit cydle of
stable limit cycle in the state space of the robot, the transition straight walk
between these walking patterns is identical to the transition Limit cycle of
between these limit cycles. Since different periodic motions curved walk

have different limit cycles, as shown in Figs. 6 and 8§, their
transition is not necessarily confirmed as completed. How-
ever, note that when the robot changes its walking pattern,
if its state is inside the basin of attraction of the limit cycle
of the walking pattern to be changed, the transition will be
accomplished (see Fig. 13). On the other hand, if the state
is outside the basin of attraction, it will fail. Therefore, we
can verify that the robot achieves a transition of walking pat-
terns and turning by investigating the basin of attraction of
the limit cycles of the walking patterns.

Since this control system established limit cycles of
straight walking in Sect. 3.2 and curved walking in Sect. 4.2,
as verified by a Poincaré map, these limit cycles are at
least locally stable and have basins of attraction in the
linear region around the trajectories. However, at the mo-
ment of the implementation of the walking pattern’s change,
it is not verified that the state on the limit cycle of the
initial walking pattern is inside the basin of attraction of
the limit cycle of the changed walking pattern. Thus, for
verification, we need to determine if the state is inside
the basin of attraction of the limit cycle of the changed
walking pattern when the robot changes walking patterns.

Fig. 13 Schematic of transition from limit cycle of straight walking to
limit cycle of curved walking. Transition 1: Since the state on the limit
cycle of straight walking is inside the basin of attraction of the limit
cycle of curved walking at moment of implementation of the change
in walking pattern, this transition will be achieved. Transition 2: Since
the state is outside the basin of attraction, this transition will fail

Such a thorough investigation of the basin of attraction will
help reveal the usefulness of this control system for the
transition of walking patterns and robot turning. In partic-
ular, we will examine it based on numerical simulations
in Sect. 5.1 and verify that the robot actually achieves
transitions and turning based on hardware experiments in
Sect. 5.2.

5.1 Investigation based on basin of attraction of the limit
cycle

In this section, we investigate the basin of attraction of the
limit cycle of straight and curved walking based on numer-

ical simulations. Since roll and pitch motions are crucial in
three-dimensional walking, we focus on them. In general,
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these motions influence each other. However, we analyze
them separately since they are relatively small, as shown in
Figs. 6 and 8. To examine whether the robot establishes a
transition of walking patterns, we especially need to exam-
ine the basin of attraction for these motions at the moment
of the implementation of the change in the walking pattern.
In other words, we must investigate how robust this control
system is against disturbances at the moment.

In particular, we study the transition from straight to
curved to the left and the inverse. In such transitions, we
set turning angle per step Y'! of the left leg to 0° and only
change the turning angle per step Y2 of the right leg. Specif-
ically, we change it from 0° to 15° in the transition from
straight to curved to the left and from 15° to 0° in the inverse.
We implement the changes when ¢ = 7 /2 is satisfied by
following the starting point in the step cycle of curved walk-
ing to the left in the basic actions of curved walking, as
defined in Sect. 4.1. The timing of the implementation of
this change is called the transition point.

First, we show that the robot actually achieves these tran-
sitions. Figures 14 and 15 depict robot states in the transition
from straight to curved and from curved to straight, respec-
tively, obtained by numerical simulations, where (1) and (2)
display the roll and pitch motions, respectively. Specifically,
A and B depict the time-series data of angular velocity at
low (3 = (.7) and moderate speeds (,3 = 0.5), respectively,
and C and D show the phase diagram at low (/§ =0.7) and
moderate speeds (/§ = 0.5), respectively, which imply the
transition from the limit cycle of the initial walking pattern
to the limit cycle of the changed walking pattern. Since these
transitions are successfully accomplished, the results mean
that the states of the limit cycle of the initial walking pattern
at the transition point are inside the basin of attraction of the
limit cycle of the changed walking pattern. Therefore, it is
verified that the robot can accomplish the transition if it es-
tablishes the limit cycle of the initial walking pattern before
the transition.

Next, we attempt to achieve the basin of attraction to ex-
amine if the robot obtains the transition when the robot states
are not on the limit cycle of the initial walking pattern by
disturbing the pitch or roll motion at the transition point and
determining if the trajectory of these motions converges at
the limit cycle of the changed walking pattern obtained in
cases without disturbance. Specifically, when the robot es-
tablishes a limit cycle of the initial walking pattern and when
¢t becomes 7 /2, we change the walking pattern by chang-
ing turning angle per step Y2, and we also add disturbance to
the roll or pitch motion. Figures 16 and 17 show the basin of
attraction of the limit cycle of the changed walking pattern
at the transition point with respect to the roll and pitch mo-
tions in transition from straight to curved and from curved
to straight, respectively, obtained by numerical simulations,
where (1) and (2) display the transition at low (ﬁ =0.7) and
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moderate speeds (,3 = 0.5), respectively. These figures re-
veal that this control system has a large basin of attraction
for the roll and pitch motions, and they also verify the ef-
fectiveness of the control system in the transition of walking
patterns and turning motion. The obtained basins of attrac-
tion with respect to the transitions from straight to curved
and from curved to straight have similar size and shape,
suggesting that the control system has similar characteris-
tics and performance between straight and curved walking.

5.2 Experimental verification

In this section, we investigate whether the robot actually
achieves transition of walking patterns between straight and
curved walking and turning by hardware experiments. At
the beginning of the experiments, the robot walks straight
with ¥! = 0° and Y2 = 0°. Then, it begins to curve to the
left with ¥! = 0° and Y2 = 15°. Next, the robot’s motion
returns to straight walking with ¥! = 0° and ¥? = 0° and
then changes to curved walking to the right with ¥! = 15°
and Y2 = 0°. Finally, the robot walks straight again with
Y! =0°and Y? = 0°. In this case, by regulating the number
of steps for each walking pattern, the robot walks in a figure
eight (see Fig. 18A). Figures 18B(1) and (2) show the resul-
tant duty factors of left leg B! and right leg 82 for the step
numbers at low (B = (.7) and moderate speeds (,3 =0.5),
respectively. These figures verify that the duty factors of the
legs vary based on walking patterns, as obtained in Fig. 10,
and that the transition of walking patterns is smoothly ac-
complished. Videos of these experiments are available at
http://control.kuaero.kyoto-u.ac.jp/member/aoi/.

6 Discussion
6.1 Adaptability due to rhythm and phase modulations

In neurophysiology, many studies have been conducted to
elucidate the control mechanism in animal walking and have
revealed that rhythm and muscle tone controls play im-
portant roles in generating adaptive walking (Mori 1987,
Rossignol 1996; Takakusaki et al. 2003, 2004). However,
most robots are manipulated by motors that have completely
different actuators from animal muscles. In motor control,
robot joints are generally controlled so that they follow the
desired trajectories using local high-gain feedback control.
That is, robot motions are kinematically determined, and it
is difficult for motors to achieve such a control system as an-
imals. However, robots can easily modulate walking rhythm
by manipulating kinematical trajectories. Therefore, in this
paper, we focused on rhythm control and investigated adapt-
ability at the point of walking rhythm.
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Fig. 14 Transition of walking
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To develop a locomotion control system, we referred to
CPG characteristics that generate animal walking by activat-
ing their limbs by rhythmic motor patterns and modulating
neural activity based on sensory feedbacks. Specifically, we
generated robot motions by rhythmic signals from inter-
nal oscillators and modulated signal generation based on
touch sensor signals. This study demonstrated that a robot
achieves adaptive walking by modulation of walking rhythm
through interactions between its mechanical system, oscilla-
tors, and environment. Furthermore, in curved walking and
turning, the robot establishes walking by modulating walk-
ing rhythm as well as the walking phase and timing through
interactions. This means that in such walking as kinemat-

(2) pitch motion

ically symmetric as straight walking, this control system
deals with such disturbances as environmental changes by
chiefly modulating walking rhythm; in such walking that
has kinematical and dynamical asymmetry as turning, this
control system deals with disturbances by additionally mod-
ulating the walking phase. These results indicate that the
control system achieves adaptive walking by appropriately
changing its response reflecting the situation due to inter-
nal oscillators. As a result, the walking rhythm and phase
change.

Many studies on human curved walking and turning have
been carried out (Courtine and Schieppati 2003a, 2003b,
Grasso et al. 1998; Hollands et al. 2001; Imai et al. 2001;
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Patla et al. 1999; Thigpen et al. 2000; Vallis et al. 2001).
One shared feature is spacial asymmetry, which is the kine-
matical difference between the right and left limbs. Other
characteristics include temporal asymmetry that appears in
the resultant duty factors and phase lag between leg motions.
As described above, these similar properties are found in
the obtained results from numerical simulations and hard-
ware experiments of a biped robot. Admittedly, humans and
simple biped robots greatly differ. Humans generate their
walking motion by cooperatively manipulating their compli-
cated and redundant musculoskeletal systems. On the other
hand, robots have a much smaller number of DOF and com-
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(2) pitch motion

pletely different actuators. Furthermore, they have different
kinematics during walking and use a much smaller amount
of sensory information. However, we employed a simple
controller that generates robot joint motions by internal os-
cillators. In the robot motions, the arms simply oscillate in
the pitch plane, the foot trajectory consists of simple closed
curve and straight line, and the trunk simply oscillates in the
roll plane. This control system only changes the foot tra-
jectory from swing to stance phases and resets the oscillator
phases based on touch sensor signals, which don’t attempt to
achieve similar results as humans. Adaptive behavior in duty
factors and phase lag between leg motions appears as a re-
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Fig. 16 Basin of attraction of
limit cycle in transition of
walking pattern from straight to
curved, obtained by numerical
simulations. (1) and (2) show
results for roll and pitch
motions, respectively

Fig. 17 Basin of attraction of
limit cycle in transition of
walking pattern from curved to
straight, obtained by numerical
simulations. (1) and (2) show
results for roll and pitch
motions, respectively
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Fig. 18 Transition of walking patterns in hardware experiments. First robot walks straight and then begins to circle to the left. Next, the its motion
returns to straight walking and changes to curved walking to the right. Finally, it walks straight again. A shows snapshots during transition at
moderate speed (B=0.5). By regulating the number of steps for each walking pattern, robot walks in a figure eight. B(1) and (2) show resultant
duty factors of left leg B! and right leg % with respect to each step at low (ﬁ =0.7) and moderate speeds (B =0.5), respectively

sult of the adequate modulations of the internal oscillators.
Therefore, if these factors reflect the essential ingredients
that generate walking, such similarity may demonstrate an
important mechanism for establishing adaptive behavior for
biped robots.

6.2 Advanced turning behavior

For conventional approaches including model-based, the
difficulty of achieving adaptability to various environments
is often pointed out. Adaptive behavior requires adequate
modulations of motions and responses depending on the sit-
uation. That is, in these approaches, robots are too rigid to
appropriately react to various situations. In this study, we
designed a control system composed of nonlinear oscillators

@ Springer

that adequately responds based on environmental situations
and established a soft robot that achieves adaptive behavior.

This study is basic research that investigates the mecha-
nism to establish adaptive behavior for biped robots. There-
fore, we employed a simple control system and strategy
to avoid restricting the possibility of applications and to
determine the essentials. This control system needed nei-
ther accurate modeling of the robot and the environment
nor complicated computations. For example, to change its
walking direction, instead of calculating the foot landing po-
sitions, the robot just changes the stepping direction of the
swing leg. It uses neither a vision system nor postural infor-
mation relative to the ground. It just relies on the timing of
the touch sensor signals.

This study demonstrated that a simple structure can ex-
plain the mechanism for adaptive behavior; it didn’t pursue
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the performance of walking motions. Therefore, the control
system has limitations. There must be kinematically and dy-
namically more advanced turning strategies, control meth-
ods, and motion generation, as achieved in various studies
(Hirai et al. 1998; Ishida et al. 2003; Kagami et al. 2002;
Kajita et al. 2002; Loffler et al. 2003; Seara and Schmidt
2004). In the future, improving the control system by in-
tegrating robot kinematics and dynamics and more various
sensory information is important, where clarified essential
properties inherent in walking dynamics will be helpful to
generate more advanced behavior.

7 Conclusion

In this study, we analyzed the turning behavior of a biped
robot and considered turning that consisted of straight and
curved walking and the transition between them. We re-
ferred to CPG properties and investigated adaptability to
generate such turning motion at the point of rhythm con-
trol. In particular, we proposed a locomotion control system
that generates robot motions by rhythmic signals from in-
ternal oscillators and modulates signal generation based on
touch sensor signals. First, we verified that the robot attains
the limit cycles of straight and curved walking by numerical
simulations and hardware experiments. Second, we exam-
ined the transition of these walking patterns based on the
basin of attraction of the limit cycles in numerical simula-
tions. Finally, we verified that the robot actually achieves
transition and turning by using hardware experiments. These
analyses revealed that the robot establishes stable walking
and turning by modulation of walking rhythm and phase
through the interactions between the dynamics of its me-
chanical system, oscillators, and environment.
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