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Abstract. Recently, many experiments and analyses with biped robots have been carried out. Steady walking
of a biped robot implies a stable limit cycle in the state space of the robot. In the design of a locomotion control
system, there are primarily three problems associated with achieving such a stable limit cycle: the design of the
motion of each limb, interlimb coordination, and posture control. In addition to these problems, when environmental
conditions change or disturbances are added to the robot, there is the added problem of obtaining robust walking
against them. In this paper we attempt to solve these problems and propose a locomotion control system for a biped
robot to achieve robust walking by the robot using nonlinear oscillators, each of which has a stable limit cycle. The
nominal trajectories of each limb’s joints are designed by the phases of the oscillators, and the interlimb coordination
is designed by the phase relation between the oscillators. The phases of the oscillators are reset and the nominal
trajectories are modified using sensory feedbacks that depend on the posture and motion of the robot to achieve
stable and robust walking. We verify the effectiveness of the proposed locomotion control system, analyzing the

dynamic properties of the walking motion by numerical simulations and hardware experiments.
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1. Introduction

Over the last few years, many experiments and anal-
yses have been carried out on biped robots. Steady
walking by a biped robot implies a stable limit cy-
cle in the state space of the robot. In the design of
a locomotion control system for a biped robot, there
are primarily three problems associated with achieving
such a stable limit cycle. The first problem is the diffi-
culty in designing the motion of each limb on the robot,
and the second is the interlimb coordination. A biped
robot is a mechanical system composed of many links
that are connected with others by rotary joints, and in
general has poor stability in three-dimensional walk-
ing. Therefore, it is difficult to design walking motions
and the relation to obtain such a stable limit cycle. To
date, many researchers have attempted to achieve tra-
jectories of joints using optimization (Roussel et al.,
1998; Chevallereau and Aoustin, 2001; Ono and Liu,
2002; Bessonnet et al., 2004). Also, many experiments
and analyses have been conducted (Yamaguchi et al.,

1999; Kagami et al., 2002; Kajita et al., 2002; Loffler
et al., 2003; Nagasaki et al., 2004) based on the zero
moment point (ZMP) criterion (Vukobratovié et al.,
1990). The third problem is the posture control arising
from underactuation (Goswami, 1999). All the joints
of the robot have motors that control the joints’ mo-
tions; however, the robot has no actuator in the foot
that directly controls its posture and motion. Thus, it
is difficult to stabilize the posture and motion, espe-
cially when the robot is supported by only one leg. In
addition to these three problems, when environmen-
tal situations change or disturbances are added to the
robot, there arise further obstacles to achieving robust
walking.

In a system that has a stable limit cycle, trajectories
near the limit cycle can be approximately described by
the phase of a nonlinear oscillator (Kuramoto, 1984).
When some such nonlinear oscillators have interactions
with each other, which are given only by the phases
(phase dynamics), the phase relation between the limit
cycles is obtained. In this paper, we attempt to solve the
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above problems and also propose a locomotion control
system for a biped robot to achieve robust walking of it
by employing such nonlinear oscillators and extending
the locomotion control system for a quadruped robot
developed in our previous work (Tsujita et al., 2001).
In the proposed locomotion control system, regarding
the first problem, we design nominal trajectories of the
joints of each limb by the phase of such a nonlinear os-
cillator to attain a stable periodic motion of a limb. That
is, a nominal motion of the robot’s joint controlled by a
motor is given by a map from the state of a stable limit
cycle. Then, since the motion of each limb is given by
the phase of an oscillator, the interlimb coordination is
obtained via the phase relation between the oscillators.
As for the second problem, the oscillators interact with
each other through phase dynamics based on a nominal
gait pattern to achieve interlimb coordination. Finally,
to the third and additional problems, the phases of the
oscillators are reset and the nominal trajectories of the
joints are modified using sensory feedbacks that de-
pend on the posture and motion of the robot to realize
stable and robust walking.

In this paper, using the proposed locomotion con-
trol system, we conduct numerical simulations and
hardware experiments to investigate whether a biped
robot achieves robust walking despite environmental
changes and disturbances, and analyze dynamic prop-
erties of the walking motion. This paper is organized
as follows: Section 2 introduces the model for a spe-
cific biped robot, and Section 3 proposes a locomotion
control system for the biped robot. The effectiveness
of the proposed locomotion control system is verified
by numerical simulations in Section 4, and by hard-
ware experiments in Section 5. Section 6 includes a
discussion and conclusion.

2. Model of Biped Robot

Figure 1 shows the biped robot considered in this paper,
consisting 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. A motor is installed at each
joint. Left and right legs are numbered Legs 1 and 2,
respectively. The joints of the legs are also numbered
Joints 1. .. 6 from the side of the trunk, where Joints 1,
2, and 3 are yaw, roll, and pitch hip joints, respectively,
Joint 4 is a pitch knee joint, and Joints 5 and 6 are pitch
and roll ankle joints. The arms are also numbered in
a similar manner. Four touch sensors are attached to
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Figure 1. Schematic model of a biped robot [mm]. The robot has
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. Leg joints consist of hip,
knee, and ankle joints. The hip joint has yaw, roll, and pitch joints, the
knee joint consists of a pitch joint, and the ankle joint is composed
of pitch and roll joints. Four touch sensors are attached to the sole of
each foot.

the sole of each foot, enumerated from Sensor 1 to 4 at
each leg.

Coordinate axes {ag} = {ag; ap ags} are fixed to
the ground, where axis a; is in the nominal walk-
ing direction, axis a(; is in the lateral direction, and
axis ag; is in the vertical direction. Coordinate axes
{at} = {at1 ar, ars}arefixedinthe trunk, where axis
at is the front-to-back axis and axis a; is the side-to-
side axis. The origin of axes {a} is at the center of mass
of the trunk. The position vector of the trunk is given
by rOT = [ro1 ro2 7o3]1in axes {ag}. The posture of the
trunk is expressed as Euler angles 01 = [61; 61, 613]
in axes {ar}. When these angles are small, angles 61,
Or2, and 613, called roll, pitch, and yaw angles, are the
rotation angles around axes ar, aty, and a3, respec-
tively (see Fig. 2). The rotation angles of Joint j of Arm
i and Joint k of Leg i are also expressed as 9/((; and Gl(fk) ,
respectively ( = 1,2, j=1,...,4,k=1,...,6).

Here, state variable ¢ € R is introduced by

T 1 (2) (1) (2)
g'=[ro On 65 65 6 6]
i=1,23 j=1....,.4, k=1,...,6 (1)

Equations of motion for state variable g are derived
using Lagrangian equations and are written by

M(q)g+ H(q.§) =G+ U+ A @
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Qo1 Qo2

Figure 2. Coordinate axes {ag} = {ao1 ap2 a3} fixed to the
ground and {aT} = {aT; a1, aTs} fixed in the trunk, position vec-
tor rg of the trunk, and Euler angles 6t, 61,, and 613.

where M(q) € R?©*? is the generalized mass ma-
trix, H(q, ¢) € R? is the nonlinear term that includes
Coriolis and centrifugal forces, G € R?® is the gravity
term, U € R?® is the input torque term, and A € R is
the reaction force term from the ground. The ground is
modeled as a spring with adamper (see Appendix A). In
this paper, numerical simulations are carried out based
on the equations of motion.

3. Locomotion Control
3.1.  Locomotion Control System

The locomotion control system consists of a motion
generator and a motion controller (see Fig. 3). The mo-
tion generator comprises a rhythm generator and a tra-
jectory generator. The rhythm generator has two types
of oscillators: Motion Oscillators and Inter Oscillator
(see Fig. 4). As Motion Oscillators, there are Leg 1,
Leg 2, Arm 1, Arm 2, and Trunk Oscillators. The tra-
jectory generator encodes the nominal trajectories of
all the joints by the phases of Motion Oscillators. For
example, the trajectory generator encodes the nominal
trajectories of the joints of Leg 1 by the phase of Leg
1 Oscillator. The nominal trajectories are sent to the
motion controller, in which motor controllers manip-
ulate the motions of the joints using the nominal tra-
jectories as command signals. Inter Oscillator interacts
with Motion Oscillators. Specifically, Inter Oscillator
affects Arm 1, Arm 2, and Trunk Oscillators and inter-
acts with Leg 1 and Leg 2 Oscillators. These interac-
tions determine the interlimb coordination, that is, the
phase differences between the oscillators, thus forming
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Figure 3. Locomotion control system. The locomotion control sys-
tem consists of a motion controller and a motion generator. The mo-
tion controller is composed of motor controllers that manipulate the
motions of the joints. The motion generator has a rhythm generator
and a trajectory generator. In the rhythm generator, there are two
types of oscillators, Motion Oscillators and Inter Oscillator. The tra-
jectory generator encodes all the nominal trajectories of the joints
by the phases of Motion Oscillators, which are sent to the motion
controller. At the foot’s landing on the ground, a feedback signal is
returned to the locomotion control system from the touch sensor of
the leg.

a gait pattern for the biped robot. When the foot of Leg
i lands on the ground, a sensory signal is fed back to
the locomotion control system from the touch sensor,
and Leg i Oscillator receives the touch sensor signal
i=12).

3.2.  Design of Nominal Joint Trajectories

Here, the nominal trajectories of all the joints are de-
signed by the phases of Motion Oscillators in the fol-
lowing way: First, the nominal trajectories of the feet,
specifically Joint 5 of the legs, are expressed in coor-
dinate axes {at} fixed in the trunk, and are encoded by
the phases of Leg Oscillators. Similarly to the nominal
foot trajectories, the nominal trajectories of the hands
are also expressed in axes {at} and are encoded by
the phases of Arm Oscillators. The nominal trajecto-
ries of the joints are then calculated based on the in-
verse kinematics. Next, since the nominal trajectories
of the joints of each limb are designed by the phase
of the corresponding oscillator, the interlimb coordi-
nation is obtained by the phase differences between
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Figure 4. Rhythm generator. The rhythm generator consists of
Leg 1, Leg 2, Arm 1, Arm 2, Trunk, and Inter Oscillators. Inter Os-
cillator has interactions with the other oscillators. Specifically, Inter
Oscillator affects Arm 1, Arm 2, and Trunk Oscillators and interacts
with Leg 1 and Leg 2 Oscillators. When the foot of Leg i touches the
ground, Leg i Oscillator receives a touch sensor signal (i = 1, 2).
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Figure 5. Nominal foot trajectory. The nominal foot trajectory of
Leg i consists of nominal foot trajectory ﬁg) for the swing phase

that is designed as a simple closed curve and nominal foot trajectory
”St for the stance phase that is given as a straight line (i = 1, 2). The
nominal swing phase changes into the nominal stance phase at AEP
and the nominal stance phase shifts to the nominal swing phase at
PEP. These trajectories are expressed in axes {aT} fixed in the trunk.

the oscillators. Therefore, from a nominal gait pattern,
the nominal phase differences between the oscillators
are designed that give the interactions between the os-
cillators. Finally, the posture and motion of the trunk
required for the robot to walk stably is designed by an
analysis based on the inverse dynamics and numerical
simulations.

In the following, we explain the design procedure in
more detail. First, the phases of Leg i, Arm i, Trunk,
and Inter Oscillators are introduced, expressed by ¢>(l)

X) , ¢t, and ¢y, respectively (i = 1, 2). Then, the nom-
inal trajectory of the foot, specifically Joint 5 of the
leg, is designed (see Fig. 5). To do this, two nomi-
nal positions of the foot are introduced into coordinate
axes {ar} fixed in the trunk: the anterior extreme posi-

tion (AEP) and the posterior extreme position (PEP) of

L(e)gT ! expre(ts)sed a(s) nAEP() [ﬁ/ii:Pl ’Abgapz ﬁX)Eps] and
All All All A
fpgp = Liipep1 fipepa Tlpgpsls respectively (i = 1,2).

From now on, % indicates the nominal value of *. In
axes {ar}, the nominal foot trajectory of Leg i for
the swing phase is designed as a simple closed curve
A(' 7 [ﬁ(sl\i,, ﬁ(sl\?vz f;(sl\i,g] that involves points 7.,
and anp (i =1, 2), and the nominal foot trajectory of
Leg i for the stance phase is given as a straight hne
f)(slt)T [ﬁgt)l ﬁ(SIt)Z f](slg] that also includes points 7 AEP
and 7) nPEP (i = 1, 2). Note that since nominal foot tra-
jectory 77(53 for the stance phase is designed to move in
the opposite walking direction in axes {at} and in fact
the foot is constrained on the ground during the stance
phase, the foot does not move, and the trunk moves in
the walking direction in axes {a(} fixed to the ground.
Both in the nominal swing and stance phases, the nom-
inal movement of the foot is designed so as to be par-
allel to the line that involves points AEP and PEP. The
nominal foot trajectory of Leg i is expressed in axes
fary as 3" = [a") 29 7Y 1G = 1,2) and is gen-
erated usmg one of the two nominal trajectories alter-
natively, that is, the nominal swing phase changes into
the nominal stance phase at point AEP and the nominal
stance phase shifts to the nominal swmg hase at oint
PEP. Next, nominal foot trajectories ’75 and 7] r)st are
expressed as the functions of phase d:(l) of Leg i Oscil-

lator, where 7 A() ﬁgw(rpf)) and ﬁ(slt) = r](s?((p(')) re-
spectively (i = 1, 2). The nominal phases of Leg i Os-
cillator at points AEP and PEP (i = 1, 2) are expressed
as ¢ agp and @pep(= 0, 277), respectively. Finally, nom-
inal foot trajectory n;) of Leg i is expressed as the

function of phase qb of Leg i Oscillator (i = 1,2)

(see Appendix B) by
NGYIRG, (@) 0<¢ <Paer
L ( L ) = NOYRO) A~ 0 1= 1,2
fg (b)) daer < ¢ <2m
(3)

The inverse kinematics gives nominal trajectories 98
of Joint 3 (the pltch hip joint), 984) of Joint 4 (the pitch
knee joint), and 9 5 of Joint 5 (the pitch ankle joint) of
Leg i by the functlons of phase ¢(') of Leg i Oscillator
(i =1, 2) as follows:

ol =001e") i=12 j=345 @

The nominal trajectories of the hands are designed in
a similar way. In particular, the arms are driven so that
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the hands oscillate in the pitch plane; nominal trajectory
@/(?") of Joint 1 of Arm i is given as the function of phase
4)A’S of Arm i Oscillator (i = 1,2) by

00 =00 (¢V) = Acosel i=1,2 (5
where A is the nominal amplitude of the arm motion.
Nominal trajectories 6/((;, 91({;, and 0(’4 of Joints 2, 3,
and 4 of Arm i are fixed so that GX% =0, 9}(; =0, and
9/(& = 1 /2, respectively (i = 1, 2).

Second, the nominal phase differences between the
oscillators are designed based on nominal gait patterns.
The nominal gait patterns are given so that both arms
and both legs move out of phase and one arm and the
contralateral leg move in phase. That is, nominal phase

(l) of Leg i Oscillator and nominal phase ¢>X) of Arm
i Oscﬂlator (i = 1,2) are designed by nominal phase
é1 of Inter Oscillator by
P =i — (~Dim/2
o) . i=12 ©6)
¢ =d1+(=D'n/2

On the other hand, nominal phase ¢ of Trunk Oscil-
lator may be designed arbitrarily; here, it is designed
by nominal phase ¢ of Inter Oscillator by

ér = ¢1 @)
The phase dynamics of the oscillators are defined as

b1 =&+ gu

dr = o+ gir @®
$y =d+gn i=1.2

B =0t =12
where & is the nommal angular velocity of each oscil-
lator and g1, g11, glA, and g(l) (i =1, 2) are the terms
derived from the interactions between the oscillators
in the following way: First, in order that the nominal
gait patterns in Eqgs. (6) and (7) are formed, potential
functions Vi, Vr, Vf\’ ), and VL(’) (i = 1,2) are derived
by

2
Vi == Kicos(p— ¢ +(=1)m/2)

i=1
Vr = —Krtcos(¢r — ¢1) &)
VX) = —K, cos ((l)(’) o+ (=Dim/2) i=12
V= —Kpcos (¢ — ¢ — (=1)im/2) i=1,2

where KL, K As and KT are gain constants. Functions
811, 81T, glA, and gl are derived by

Vi Ve o avy
Sn=—"7"" 8I1IT=—7 5 8IA—— )
¢ dgr’ AT g
: (10)
gl = M,
1L a¢(,) ’

As aresult, functions g1, g1T, g,A, and glL are written
as

2
811=—ZKLSin(¢I— D (- )7 /2)

i=1
git = —Krsin(ér — ¢é1) (11)
g = —Kasin (0 — ¢y + (=1)m/2) i=1,2
g\l = —Kysin (¢ — 1 — (=1m/2) i=1,2

Thirdly, the nominal trajectories of the posture and
motion of the trunk are designed. Since the biped robot
walks in three-dimensional space, it is liable to fall over
laterally, especially when it is supported by only one
leg. Therefore, the nominal trajectories of the roll hip
and the roll ankle joints are designed so that the roll
motion of the trunk achieves a periodic motion whose
cycle is similar to the step cycle and compensates for
the lateral motion, preventing the robot from falling
over laterally. Thus, nominal trajectories él(jz) of Joint
2 (the roll hip joint) and 8 of Joint 6 (the roll ankle
joint) of Leg i (i = 1, 2) are given as the functions of
phase ¢t of Trunk Oscillator by

Bcos(¢r + ¥) — (—1)8
—Bcos(¢r + ¥) + (—=1)8
i=1,2 (12

b = 03(¢n) =
{2 = O0(¢r) =

where B and ¢ are the nominal amplitude and the nom-
inal phase of the roll motion, and § is the nominal bias
angle of the roll motion to avoid a collision of the legs.
Moreover, nominal trajectory 9(’) of Joint 3 (the pitch
hip joint) of Leg i is modified from 9&) (¢(Ll ) obtained
in Eq. (4) to 62(¢\") — € (i = 1,2) so that the trunk
maintains pitch angle € in axes {a} fixed to the ground.
To avoid the yaw of the trunk in axes {a(}, nominal
trajectory é&) of Joint 1 (the yaw hip joint) of Leg i
(i =1, 2)1is designed by

0)=0 i=1,2 (13)

www.manaraa.com



224 Aoi and Tsuchiya

Finally, we introduce some parameters that charac-
terize the locomotion. The ratio between the nominal
stance phase duration and the nominal step cycle is ex-
pressed by nominal duty ratio B (0 < B < 1). Then,
nominal phase ¢ agp of Leg Oscillators at point AEP is
given by

barp = 27(1 — B) (14)

Nominal angular velocity @ of each oscillator in Eq. (8)
is expressed by

& =27 — (15)

where T, is the nominal swing phase duration. The
nominal stride of Leg i is expressed by S@, which
indicates the distance between points AEP and PEP
of Leg i (i = 1,2) (see Fig. 5). In particular, SO =
S§@(= §) is used, and then nominal locomotion speed
? is obtained by

= (16)

3.3.  Trajectory Control

All the joints are controlled using the local
Proportional-Derivative (PD) feedback controller,
where the nominal trajectories of the joints are used as
command signals. Thus, the input torques at the joints
are given by
. . A(0)
@) @) (p@ @) (@) (@)
uAj KPIAJ(GI _91 ) KDZAJ(QI _QAJ)
i=12j=1,...,4
0] 0 (g _ pi) 0 (s _ HY
Uy =—Kpry (ele - 9le) — Kpis (9le - 9Lk)
i=1,2,k=1,...,6

where u( ) and u are the actuator torques at Joint j
ofArmz andJomtkof'Legz'(z =1,2,j=1,...,4,
k=1,....6),and K3 ;. K5\ . K{});, and K9, are
feedback gains i = 1,2, =1,...,4,k=1,...,6).
In numerical simulations, the bandwidth of the joints
is given as 6 Hz for these feedback gains.

3.4.  Posture Control

Although all the joints are controlled directly by mo-
tors, the robot has no actuator between the feet and the

ground. Therefore, it is difficult to control the robot’s
posture and motion. To stabilize them, the walking mo-
tions are modified using feedback signals from touch
sensors, since the sensory signals depend on the posture
and motion. Specifically, the feedback signals reset the
phases of the oscillators and then modify the nominal
joint trajectories.

Here, the phase dynamics of Leg Oscillators, which
is defined in Eq. (8), is modified by

fl=o+gl+ey i=12 (8

where g(i) is the term arising due to the feedback signals
from the touch sensors of Leg i (i = 1, 2). Function g(’)
is designed in the followmg way: Suppose that q&]and is
the value of phase qb of Leg i Oscillator at the instant
when the foot of Leg i lands on the ground (i =1, 2),
and that ﬁﬁ“)ld is the position of the foot, specifically
Joint 5, of Leg i in coordinate axes {ar} fixed in the
trunk at that instant, that is, 70, = A% () (i =
1, 2). When the foot of Leg i touches the ground, the

following procedure occurs:

1. Setphase ¢(i) of Leg i Oscillator from ¢l(;r)1d t0 P AEP.

2. Switch nominal foot trajectory 7) A() of Leg i from
nominal foot trajectory ﬁ( D for the swing phase to
nominal foot trajectory n§> for the stance phase.

3. Replace parameter 775\;31: in nominal trajectory ﬁ(slt)

with f]l('L)nd

Then, function ggL) (i =1,2)1s given by

€ = (Ber — H)30 — 1) =12 (19

where tl(:;rid is the time when the foot of Leg i lands

on the ground (i =1, 2) and 5 ( ) denotes Dirac’s delta
function. Namely, function g D ) works as areset of phase
¢>(L’ ) of Leg i from value ¢, to nominal value Pagp
only at the instant that the foot of Leg i lands. As a
result, nominal foot trajectory ﬁl(_') of Leg i is modified
as shown in Fig. 6; in the swing phase the foot of Leg
i continues to follow closed curve ’73w in Fig. 5 unless
the foot of Leg i touches the ground at point ﬁl(a])qd in
axes {ar}. Then, the nominal foot tra]ectory of Legi
changes from nominal foot trajectory 7 nSw for the swing
phase to the nominal foot trajectory for the modified
stance phase.
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Figure 6. Modified nominal foot trajectory with respect to the touch
sensor signal. The nominal foot trajectory changes from the swing
phase to the stance phase when the leg touches the ground. The
trajectory is modified depending on the timing of the foot’s landing.
In the swing phase, the nominal foot trajectory follows the closed
curve unless the leg touches the ground. When the foot of Leg i lands
on the ground at 171 and> the nominal foot trajectory for the stance phase
is modlﬁed by replacing parameter n AEP in nominal trajectory 11(’)
with 7 771 dnd (i = 1,2). Then, the trajectory changes to the modlﬁed
stance phase.

4. Numerical Simulations

In this section, we verify the effectiveness of the pro-
posed locomotion control system by numerical sim-
ulations. In particular, the numerical simulations de-
termine whether the proposed control system responds
effectively to environmental changes and disturbances.
To verify the effectiveness, we carry out simulations
not only with the proposed locomotion control sys-
tem (Proposed), but also simulations without the touch
sensor signal (Without T.S.S.) and compare the results.
Note that in the case without the touch sensor signal,
the nominal trajectories for all the joints are not mod-
ified with respect to the foot’s landing on the ground;
that is, in that sense all the trajectories are completely
open-loop ones. At the beginning, the robots both with
the proposed locomotion control system and without
the touch sensor walk stably in a fixed environmental
situation. We then gradually alter some environmental
conditions or cause disturbances to the robots as they
walk, and investigate whether the robots can continue
to walk adaptively to the changes and disturbances. Ta-
ble 1 shows the physical parameters of the biped robot
HOAP-1 ((Fujitsu Automation Ltd., ), see Fig. 7), used
in the numerical simulations.

4.1. Parameter Design

As explalned in Section 3.2, the control system has pa-
rameters A, B, C, W, 8, Kr, Ka, Ki, Tsw, B, and S

Table 1. Physical parameters of HOAP-1.

Link Weight [kg] Length [m]
Trunk 2.34 0.20

Leg 1.32 0.28
Arm 0.43 0.22
Total 5.84 0.48

Figure 7. HOAP-1 (Fujitsu Automation Ltd.).

These parameters are set to be constant depending on
a fixed environmental situation. Nominal swing phase
duration Ts,, is setat 0.3 s, and nominal duty ratio B and
nominal stride S are determined according to nominal
locomotion speed v (16) in a fixed environmental situ-
ation. The following parameters are set geometrically:
A =10°, ¢ = —150°, and § = 2°. Large values are
used for gain constants to keep the nominal gait pat-
tern during walking as follows: Kt = 5, Ka = 5, and
Ky = 10. As described above, the posture and motion
of the robot are crucial for controlling the robot’s walk-
ing. In particular, since the roll and the pitch motions
of the robot heavily influence walking, parameters B
and C are determined so that the robot walks stably.
Stability in walking is examined using a Poincaré map
(see Appendix C).
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Figure 8. Actual step cycle versus nominal stride $. In this numer-
ical simulation, as a variation of the environment, the locomotion
speed of the robot changes by varying nominal stride S gradually.
In the case with the proposed locomotion control system (Proposed)
the robot walks in almost all this range of locomotion speed while in
the case without the touch sensor signal (Without T.S.S.) the robot
falls over soon around $§ = 10 cm.

4.2.  Change of Locomotion Speed

In this numerical simulation, the robot’s locomotion
speed changes gradually as an environmental change.
In particular, the robot’s stride changes in order to vary
the locomotion speed. The parameters are given as fol-
lows: § =2 cm,B =0.5, B =1°and C = 13°. The
nominal locomotion speed changes by varying nominal
stride S from 2 cm to 20 cm according to Eq. (16). That
is, nominal locomotion speed ? changes from 6.7 cm/s
to 67 cm/s. Figure 8 shows the profiles of the actual step
cycle with respect to nominal stride S, where the actual
step cycle indicates the time interval from one left-foot
landing on the ground to the next left-foot landing. This
figure reveals that in the case with the proposed loco-
motion control system the robot continues to walk in
almost all this range of locomotion speed, whereas in
the case without the feedback signal from the touch
sensors, the robot falls over soon around S=10cm. It
also reveals that the robot with the proposed locomo-
tion control system achieves robust walking by chang-
ing the actual step cycle adaptively according to the
change of locomotion speed.

4.3. Change of Floor’s Slope Angle

Here, as an example of a change of environment, the
floor’s slope angle changes gradually The ' parameters
are given as follows: § = 5 cm, B = 0.5, B = 2°, and

0.68

Pfoposed '

0.66 - Without T.S.S.

0.64 | g
062 | .
0.6 1 ;
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0.56

0.54 . . : . . :
1 2 3 4 5 (<]
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Figure 9. Actual step cycle versus the floor’s slope angle. In this
numerical simulation, the floor’s slope angle varies gradually as an
environmental change. The robot with the proposed locomotion con-
trol system (Proposed) walks in almost all this range of floor slope
angles. On the other hand, the robot without the touch sensor signal
(Without T.S.S.) falls over soon at a slope angle of around 2°.

C = 13°. The slope angle of the floor changes from 0°
to 6°. Figure 9 shows the profiles of the actual step cycle
versus the floor’s slope angles, and the figure implies
that the robot with the proposed locomotion control
system continues to walk in almost all this range of floor
slope angles. On the other hand, the robot without the
feedback signals from the touch sensors falls over soon
at a slope angle of around 2°. The figure also implies
that in the case with the proposed locomotion control
system, the robot obtains robust walking by changing
the actual step cycle adaptively depending on the slope
angle.

4.4.  Recovery from Disturbance

Since the robot’s walking in a fixed environment is
locally stable according to the stability criterion de-
termined with a Poincaré map, the walking motion can
recover from small disturbances. In this numerical sim-
ulation, we disturb the robot a lot without changing the
environmental situation, then investigate whether the
robot recovers. Since the posture and motion of the
robot, particularly the roll and the pitch motions, are
crucial in walking as described above, the roll mo-
tion or the pitch motion is disturbed when the robot
walks stably and the robot is supported by only one
leg. Specifically, when the robot is supported by the
right leg (Leg 2) and the swing leg is at the top of
the swing-leg trajectory, that is, qb](j) = (]SAEP /2, an-
gular velocity &1, of the roll angle or angular velocity
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Figure 10. Actual step cycle versus number of steps when the robot
is disturbed. In this numerical simulation, when the robot is supported
by only the right leg, angular velocity éT, of the pitch angle of the
trunk changes discontinuously by adding —4.0 rad/s. In the case
with the proposed locomotion control system (Proposed), a few steps
after being disturbed the actual step cycle converges to that of stable
walking and the robot recovers. In the case without touch sensor
signals (Without T.S.S.), however, the actual step cycle diverges and
the robot falls over soon after being disturbed.

01> of the pitch angle of the trunk changes discontin-
uously by adding At; or Arp, respectively. Through
a simulation we investigate whether the robot recov-
ers to stable walking with respect to Aty and Ar,. It
is considered that the robot recovers if the robot con-
tinues to walk without falling over for more than 20
steps after being disturbed. The parameters are given
here as follows: § = 4 cm, ,3 = 0.5, B = 2°, and
C = 6°. The simulation examines disturbances ATy
and A, in increments of +0.1 rad/s from O rad/s. The
numerical simulation reveals that in the case with the
proposed locomotion control system the robot recov-
ers from —3.1 rad/s to 5.7 rad/s with respect to At
and from —4.2 rad/s to 4.2 rad/s with respect to Ary.

R
2w

,Nominal step cycle:

R
2w
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On the contrary, in the case without feedback signals
from the touch sensors, the robot achieves the recov-
ery from —2.1 rad/s to 4.6 rad/s with respect to Aty
and from —3.5 rad/s to 3.8 rad/s with respect to Ar;.
Figure 10 shows the actual step cycle versus the step
number using At 4.0 rad/s. This figure implies
that in the case with the proposed locomotion control
system, a few steps after being disturbed the actual step
cycle converges to that of stable walking, and the robot
recovers to stable walking. In the case without touch
sensor signals, however, the actual step cycle diverges
and the robot falls over soon after being disturbed.

The numerical results reveal that the robot with the
proposed locomotion control system can walk adap-
tively to these environmental variations and distur-
bances by changing the step cycle. On the other hand,
the robot without the touch sensor signal cannot change
the step cycle adaptively since the nominal trajectories
of the joints are open-loop and cannot achieve robust
walking. In the case with the proposed locomotion con-
trol system, the adaptive change of the step cycle due
to the sensory feedback from the touch sensor chiefly
comes from the following: When the foot of Leg i lands
on the ground, phase d)(L’) of Leg i Oscillator is reset to
nominal value 43 Agp. Therefore, in the step cycle, the
actual swing phase duration depends on the timing of
the foot’s landing on the ground. As a result, the actual
step cycle changes as shown in Fig. 11.

It should be noted that our proposed locomotion con-
trol system using nonlinear oscillators has a crucial
discrepancy between a biped robot and a quadruped
robot. In the control system, phase reset of the oscil-
lators results in changes of the phase differences be-
tween the oscillators and the step cycle, as described
above. Our previous study (Tsujita et al., 2001) showed
that a quadruped robot with a proposed control system
composed of nonlinear oscillators walks adaptively by

Actual step cycle

Touch sensor sign

Paxe Pnse Phase reset |
0 > 0 : L >
" Time > : Time
Nominal Nominal Actual Actual
swing stance swing stance
duration duration duration  duration

Figure 11. Schematics of nominal and actual phase ¢](j) of Leg i Oscillator with respect to time. The phase is reset to nominal value ¢ Agp
depending on the timing of touch sensor signals. As a result, the actual step cycle changes due to the phase reset.
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Figure 12. Actual step cycle versus nominal stride S. In this hard-
ware experiment, the locomotion speed varies by changing nominal
stride $ gradually as a environmental variation. The robot with the
proposed locomotion control system walks in this range of locomo-
tion speed by changing the step cycle adaptively.

changing the phase differences, and as a result, vary-
ing the gait patterns. For example, when the locomotion
speed increases the gait pattern changes from a walk to a
trot, and when the floor changes from flat to an upslope,
the gait pattern shifts to a bounce by changing the phase
differences. This implies that in the quadruped robot the
phase difference has a lot of influence on the walking
motion and works as an internal state to achieve robust
walking, moving freely during walking. On the con-
trary, the gait pattern of the biped robot cannot change

so much from the nominal gait pattern by varying the
phase differences, since the change of the gait pattern
easily decreases the stability of walking. That is, the
biped robot uses high gain constants in Eq. (9) not to
fluctuate the gait pattern. Therefore, the biped robot
does not have such an internal state to move freely dur-
ing walking and achieve robust walking. Instead, the
biped robot primarily uses the adaptive change of the
step cycle intermittently depending on variations of the
environments and disturbances.

5. Hardware Experiments

In this section, we carry out hardware experiments
using the biped robot, HOAP-1 ((Fujitsu Automation
Ltd., ), see Fig. 7) to verify that the robot with the pro-
posed locomotion control system can walk adaptively
to environmental changes. In the experiments, a host
computer (Equivalent Pentium I 700 MHz, RT-Linux)
is used to compute the nominal joint trajectories and
solve the phase dynamics of the oscillators. The robot
has a power supply cable and a Universal Serial Bus
(USB) cable. The robot receives the nominal trajecto-
ries as command signals via the USB cable from the
host computer every 1 ms.

Similarly to the numerical simulations, in a fixed
environmental situation we determine the parameters
in the controller so that the robot can walk stably.
Then, we investigate only a few environmental changes

(a) Upslope

3.0s 6.5 s

10.0 s 13.5s

(b) Downslope

Figure 13. Slopes in hardware experiments. (a) and (b) show upslope and downslope, respectively. At the beginning, the biped robot walks on
the flat surface, then on the slope, and finally again on the flat surface. The angle of both slopes is about 2.35°.
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to ascertain whether the robot can continue to walk
adaptively by using the proposed locomotion control
system.

5.1. Change of Locomotion Speed

In this hardware experiment, as a change of the envi-
ronment, the locomotion speed of the robot changes
gradually. Specifically, changing the robot’s stride al-
ters the locomotion speed. The parameters are given as
follows: S = 2cm,B =0.7,B =7°,andC = 13°.The
nominal locomotion speed varies by changing nominal
stride $ from 2 cm to 8 cm according to Eq. (16); that
is, nominal locomotion speed ¥ changes from 2.9 cm/s
to 11.4 cm/s. Figure 12 shows the profiles of the actual
step cycle with respect to nominal stride $. This fig-
ure reveals that the robot with the proposed locomotion
control system walks adaptively to the change of the
locomotion speed by changing the step cycle.

5.2.  Change of Floor’s Slope Angle

Here, the floor’s slope angle changes discontinuously
as an environmental variation. Specifically, at the be-
ginning the robot walks on a level surface, then on the
slope, and finally again on the flat surface (see Fig. 13).
Two types of slope, upslope and downslope, are ex-
amined. The angle of both slopes is about 2.35°. The
parameters are given as follows: § = 3 cm, 8 = 0.7,
B =7° and C = 13° (for upslope), 8° (for downs-
lope). Figures 14(a) and (b) show the profiles of the
actual step cycle versus the step number. These figures
imply that the robot with the proposed locomotion con-
trol system walks adaptively and changes the step cycle
depending on the discontinuous change of the floor’s
slope angle.

These experimental results verify that the robot with
the proposed locomotion control system can walk adap-
tively to these environmental variations by changing the
step cycle.

6. Discussion

In the field of neuroethology, many studies have been
conducted to elucidate the control system in walking
of animals, revealing that walking motions are gen-
erated by a central pattern generator (CPG) (Grillner,
1981; Orlovsky et al., 1999). The CPG comprises sets
of neural oscillators and generates rhythmic signals that
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Figure 14. Actual step cycle versus number of steps. In these hard-
ware experiments, the floor’s slope angle changes discontinuously as
shown in Fig. 13. The slopes are upsploe in (a) and downslope in (b).
The robot with the proposed locomotion control system walks adap-
tively by changing the step cycle depending on the environmental
situations.

activate animals’ limbs. In the CPG, the amplitudes
and the phases of the rhythmic signals are modified in
response to sensory feedback signals that come from
peripheral nerves. As a result, the motions of the limbs
are also modified adaptively and robust motions are
achieved against environmental variations. The CPG
has been widely modeled using nonlinear oscillators
and many studies has been conducted using CPG mod-
els based on quadruped robots (Lewis and Bekey,
2002; Fukuoka et al., 2003), biped robots (Lewis et al.,
2003; Nakanishi et al., 2004), multi-legged robots
(Akimoto et al., 1999; Inagaki et al., 2003), a simulated
salamander (Ijspeert, 2001), and human models (Taga
et al., 1991; Taga, 1995; Ogihara and Yamazaki,
2001; Yamasaki et al., 2003).
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In this paper, we proposed a locomotion control sys-
tem for a biped robot using nonlinear oscillators. The
robot was driven by rhythmic signals from the oscilla-
tors, since the nominal trajectories of the joints were
designed by the functions of the oscillators’ phases. The
essential point in the control system is that the phases
of the oscillators are reset and the nominal trajectories
are modified depending on feedback signals from touch
sensors. Numerical simulations and hardware experi-
ments revealed that three-dimensional robust walking
was achieved by changing the step cycle adaptively to
environmental variations. A recent study investigated
the role for the phase reset in human walking (Yamasaki
et al., 2003), whereas this paper suggested adaptability
in the control of bipedal locomotion from the engineer-
ing point of view.

Appendix A: Reaction Force from the Ground

Contact between the foot and the ground is modeled as
the contact between the touch sensors on the foot and
the ground. When the touch sensor is in contact with
the ground, the sensor is constrained on the ground and
receives a reaction force from the ground. In numeri-
cal simulations, to avoid the complexity of the impact
model between the foot and the ground, reaction force
k(’)T = [)»(l) A(l) k(’)] of Sensor j of Leg i from the
ground expressed inaxes{ap} (i =1,2,j=1,---,4)
is modeled as a spring with a damper (Adolfsson etal,
2001), and is given by

—Ks(rgj) — fél])) Dsrgj) r;ll)g <0
0 ré’j)3 >0
i=12 j=1,....4 (20)

) _
)‘j =

where Ks = dlag(K51,K52,ng) DS = dlag(DSI,
Ds;, Ds3), and ”s; and réj) are the position vector of
Sensor j of Leg i and the position vector on which
Sensor j of Leg i is constrained, respectively, expressed
inaxes {ap} (. = 1,2, j =1,...,4). Specifically, the
parameters are set to Kg; = Ksp = Ks3 = 2.6 %
104 N/m and DSI = Dsz = Ds3 =2.2x 102 Ns/m

Appendix B: Nominal Foot Trajectory

The nominal foot trajectory is designed here. Note that
the nominal trajectory is specifically that of Joint 5 of
the leg. The nominal foot trajectory consists of two
types of trajectory (see Fig. 5): One is the trajectory

for the swing phase and is composed of a closed curve.
The other is the trajectory for the stance phase, consist-
ing of a straight line. These trajectories are expressed
by the phases of Leg Oscillators in the pitch plane of
coordinate axes {at} fixed in the trunk.

First, the nominal foot trajectory for the swing phase
is simply designed using a cycloid trajectory, since the
cycloid trajectory has the property that the trajectory
speed vanishes at the end of the trajectory and the
nominal foot trajectory can touch the ground smoothly.
Then, nominal foot trajectory ﬁ(s;,(qb(’)) of Leg i for the
swing phase (i = 1, 2) is given by

S @)

(o)

_l_¢L ¢AEP_ 1 27r¢ — P arp
|2 27 — @ arp 2 27 — P app

barp < @) < 27

L)

Sv (i)
ayp=—| 1 —cos|2r ?L — ht
27 D AEP
0= ¢1(j) < Parp
$ @ _ 2
dow— | 1 — cos ZHﬂ —ht
27 27 — P arp

<ISAEP§¢1(j) <27
i=1,2 (B.1)

where ay, and ajo, are r:iltios to raise the foot with
respect to nominal stride S, and At is the height from
the line that includes points AEP and PEP to the origin
of coordinate axes {at}. In this paper, the parameters
are set as follows: oy, = 1.6, o = 0.2, and height At
consists of the heights from the line that involves points
AEP and PEP to Joint 3 of the leg that is set at 16.5 cm,
and from Joint 3 of the leg to the origin of axes {ar}.
Note that in the case without the touch sensor signal,
the nominal foot trajectory for the swing phase is used
only for 0 < ¢L < ¢agp, that is, only the upper part
of the closed curve is used (see Section 3.4).

Second, nominal foot trajectory n(sl‘) (q)(')) of Leg i for
the stance phase (i = 1, 2) is designed as the straight
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line that includes points AEP and PEP.

. . 1 @) _ d; . )
A (i) (i) AEP @)
'75p1( L) =S E_m dapp < ¢’ <27
A (i) (i)
nSlp3( ) = —ht
i=12 (B.2)

Appendix C: Stability in Walking

Stability of a periodic motion can be analyzed using
a Poincaré map. Steady walking by the robot implies
that the walking motion is periodic. Therefore, stability
of the walking motion is investigated using a Poincaré
map.

First, state variable x € R* is introduced as

x" = [0r1 b11 612 O12] (C.1

where 61 and Or, are the roll and the pitch angles of
the trunk. In particular, the state when the foot of Leg 1
touches the ground is used as the state on the Poincaré
section. The Poincaré map, which is the return map
from one point on the Poincaré section to the next point
on the Poincaré section, is denoted as x + p(x), thus

Xiy1 = p(x;) (C2)

where x; is state variable x on the ith intersection with
the Poincaré section. Note that fixed point x* on the
Poincaré section satisfies

x* = p(x*) (C.3)

By adding perturbation ¥; from fixed point x* on the
ith intersection with the Poincaré section and lineariz-
ing Poincaré map p at fixed point x*, Jacobian matrix
J(x*) € R¥* of the Poincaré map satisfies

Xip1 = JOOX; (C4)

The stability of the walking motion is ascertained by
examining the eigenvalues of Jacobian matrix J(x*).
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