ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/3450545

A Biologically Inspired Biped Locomotion Strategy for Humanoid Robots:
Modulation of Sinusoidal Patterns by a Coupled Oscillator Model

Article in IEEE Transactions on Robotics - March 2008

DOI: 10.1109/TR0O.2008.915457 - Source: IEEE Xplore

CITATIONS READS

87 864

4 authors, including:

G. Endo
\ Tokyo Institute of Technology

254 PUBLICATIONS 2,105 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

et INTERACT: Brain-To-Sound Computer Interfaces View project

et Everyday Activity Science and Engineering (EASE) View project

All content following this page was uploaded by G. Endo on 06 January 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/3450545_A_Biologically_Inspired_Biped_Locomotion_Strategy_for_Humanoid_Robots_Modulation_of_Sinusoidal_Patterns_by_a_Coupled_Oscillator_Model?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/3450545_A_Biologically_Inspired_Biped_Locomotion_Strategy_for_Humanoid_Robots_Modulation_of_Sinusoidal_Patterns_by_a_Coupled_Oscillator_Model?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/INTERACT-Brain-To-Sound-Computer-Interfaces?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Everyday-Activity-Science-and-Engineering-EASE?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/G_Endo?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/G_Endo?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Tokyo_Institute_of_Technology?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/G_Endo?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/G_Endo?enrichId=rgreq-593759a6bba386068b77ebcbe766728d-XXX&enrichSource=Y292ZXJQYWdlOzM0NTA1NDU7QVM6OTcxNTcwNDY2MDM3NzdAMTQwMDE3NTQ1MzA4MA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

IEEE TRANSACTIONS ON ROBOTICS, VOL. 24, NO. 1, FEBRUARY 2008

185

Short Papers

A Biologically Inspired Biped Locomotion Strategy
for Humanoid Robots: Modulation of Sinusoidal Patterns
by a Coupled Oscillator Model

Jun Morimoto, Gen Endo, Jun Nakanishi, and Gordon Cheng

Abstract—Biological systems seem to have a simpler but more robust
locomotion strategy than that of the existing biped walking controllers for
humanoid robots. We show that a humanoid robot can step and walk us-
ing simple sinusoidal desired joint trajectories with their phase adjusted
by a coupled oscillator model. We use the center-of-pressure location and
velocity to detect the phase of the lateral robot dynamics. This phase in-
formation is used to modulate the desired joint trajectories. We do not
explicitly use dynamical parameters of the humanoid robot. We hypothe-
size that a similar mechanism may exist in biological systems. We applied
the proposed biologically inspired control strategy to our newly developed
human-sized humanoid robot computational brain (CB) and a small size
humanoid robot, enabling them to generate successful stepping and walking
patterns.

Index Terms—Biologically inspired approach, biped walking, central
pattern generator, coupled oscillator, humanoid robots.

I. INTRODUCTION

Biological systems seem to have a simpler but a more robust locomo-
tion strategy [1], [2] than that of the existing biped walking controllers
for humanoid robots. For examples, it was shown in [2] and [3] that
the cat locomotion system can generate walking pattern without using
higher brain function. An early study of biologically inspired approach
to bipedal locomotion [4] suggested that the synchronization property
of neural system with periodic sensor inputs plays an important role for
robust locomotion control. After this leading study, there is growing in-
terest in the biologically inspired locomotion control utilizing coupled
neural oscillators [5]-[8] or using a phase oscillator model with phase
reset methods [9], [10]. These studies make use of the foot-contact
information or ground reaction forces in exploiting the entrainment
property of the neural or phase oscillator model.

Similarly, since biped walking is a periodic movement, it has been
suggested that methods to synchronize biped controllers with the robot
dynamics are useful to generate stable walking patterns. Several studies
designed walking trajectories as a function of a physical variable of the
robot (e.g., ankle joint angle) [11]-[13].

However, a neural oscillator model has complex dynamics and many
parameters to be selected [4], [5]. Other approaches that has synchro-
nization mechanisms usually require proper gait design [9], [10], [12],
[13].
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Fig. 1. (a) Our human-sized hydraulic humanoid robot CB developed by
SARCOS [20] of height, 1.59 m and total weight, 95 kg. (b) Small humanoid
robot used in the experiment. (c) Simple 3-D biped simulation model. The biped
model has ten DOF, height, 1.59 m and total weight, 95 kg.

In this study, we undertake the development of a simple but robust
biped controller by means of a coupled oscillator system, which is
said to exist in vertebrates and is widely referred to as central pattern
generator (CPG) [14].

Many biped walking studies have emphasized that humanoid robots
have inverted pendulum dynamics, with the top at the center of mass
(COM) and the base at the center of pressure (COP), and proposed
control strategies to stabilize the dynamics [15]-[19].

We propose using the COP to detect the phase of the inverted pen-
dulum dynamics; 1) we use simple periodic functions (sinusoids) as
desired joint trajectories; 2) we show that synchronization of the de-
sired trajectories at each joint with the inverted pendulum dynamics
can generate stepping and walking; 3) since our nominal gait patterns
are sinusoids, our approach does not need careful design of desired gait
trajectories; 4) we use smaller numbers of parameters than that used in
the existing neural oscillator approach, and compare to the neural os-
cillator model, parameters used in our approach can be easily selected
since the physical meanings of the parameters are quite simple.

To the best of our knowledge, this study is the first attempt to apply
an oscillator model to a human-sized humanoid robot computational
brain (CB) [20] [Fig. 1(a)] for biped walking in a real environment. We
also apply our method to a small humanoid robot [Fig. 1(b)]. First, we
introduce our biologically inspired biped locomotion strategy, which
use modulated sinusoidal patterns via a coupled oscillator model, de-
scribed in Section II. In Section III, we apply our proposed approach
to the simulated robot model [see Fig. 1(c)], and also show our experi-
mental results.

II. MODULATION OF SINUSOIDAL PATTERNS BY A COUPLED
OSCILLATOR MODEL

Our biped control approach uses a coupled phase oscillator model
[21] to modulate sinusoidal patterns. The aim of using the coupled
phase oscillator model is to synchronize periodic patterns generated by
the controller with the dynamics of the robot.

We also show a strategy to design a nominal desired joint angle. One
of the simplest ways to generate the periodic pattern at each joint is
using only one sinusoidal basis function to represent the desired joint
angle. By using only one sinusoidal basis function at each joint, we
have smallest numbers of parameters to represent periodic patterns at
each joint. We introduce our stepping and walking controllers that use
the desired joint angle represented by the sinusoidal function.

1552-3098/$25.00 © 2008 IEEE
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Fig. 2. Typical time profile of the coupled oscillator system. (a) Phase differ-

ence = ¢, — ¢.. The phase difference converged to the analytically derived
value ®* depicted by dash dot line. (b) Angular frequencies w, and w.. The
angular frequency of each oscillator converged to the analytically derived com-
promise frequency w*.
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Fig. 3. (a) Inverted pendulum model represented by the COP and the COM.

(b) Notations for joint angles.

A. Coupled Oscillator Model

Here, we consider the behavior of the dynamics of the phase of a
biped controller ¢, and the phase of the robot dynamics ¢, as

e = we + Ko sin(g, — ¢c) (1
Q’sr = Wwr + Kr Sin(¢c - d)r) (2)

where w, > 0 and w, > 0 are natural frequencies of the controller and
the robot dynamics, and K. and K, are positive coupling constants. We
can find two fixed points if |w, — w,| < K. + K. There is no fixed
pointif |w. — w, | > K, + K, .A saddle-node bifurcation occurs when
lwe —w, | = K. + K.

If lw. —w,| < K, + K,, the oscillators run with the phase dif-
ference ®* = ¢, — ¢, = sin"! ((w, —w,.)/(K, + K, )) and the com-
promise frequency w* = (K, w,. + K.w,)/(K. + K, ) when they are
entrained [21].

We showed the typical time profile of phase difference ® = ¢. —
¢, and angular frequencies w,. and w, in Fig. 2. Although the biped
dynamics usually cannot be represented by the simple phase dynamics
(2), we can still detect the phase from the robot dynamics as described
in Section II-B. Then, we use (1) to adjust the phase of the controller
under the assumption that the phase dynamics detected from the biped
dynamics keeps property similar to (2).

B. Phase Detection from the Robot Dynamics

As previous studies have pointed out, controlling the inverted pen-
dulum dynamics represented by the COM and the COP [Fig. 3(a)] is
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a major issue in controlling biped robots. We consider the inverted
pendulum dynamics on a lateral plane that has a four-dimensional state
space x = (y, 9,9, 1/}7' ), which is depicted in Fig. 3(a).

To detect the phase from the inverted pendulum dynamics, we project
the four-dimensional state space to a two-dimensional state space.
Then, convert the two-dimensional state space to the phase space by
using the inverse tangent, which is widely used as a phase detector for
radio wave decoding.

In this study, we consider the COP y and the velocity of the COP y as
the variables in the two-dimensional state space, since detecting these
values by force sensors on soles is easy for our real robots. Therefore,
we detect the phase as

¢, (x) = —arctan (5) . 3)

C. Simplified COP Detection

The COP depends on a coordinate system, and we need a kinematic
model to detect COP. Alternatively, we use an approximate COP as

1 1 T r
_ Yoot s F Yioor 1T

o @)

Y
where F! and F! represent the left and right ground reaction force,
respectively, and y! ,, and y},, are the lateral position of each foot.
We assume that feet are symmetrically placed, i.e., =yl .. = ¥k ;-
Because we only use this COP to detect the phase of the robot dynamics
@, (x) in (3), the scale of the foot position yf , and yf,, can be
arbitrary. We simply set yt, .. = —yF, .. = 1.0 m. This simplified that
the COP detection does not require the kinematic model.

When we derive the COP from the sensor input, we use a low-pass
filter to eliminate the sensor noise from force sensors on soles.

Note that when the COP comes to an edge of a sole, the de-
tected ¢, (x) may have discontinuous change because of discontinuous
change of the velocity of the COP [see (3)]. However, because we apply
the low-pass filter to the force sensor input, the filtered velocity of the
COP do not have such undesirable discontinuous change.

D. Phase Coordination

In this study, we use two oscillators with phases ¢._;, where i =
1,2. We introduce coupling between the oscillators and the phase of
the robot dynamics ¢, (x) to regulate the desired phase relationship
between the oscillators as in (1) as

Q‘Sc,i = We + Kc Sin((¢r (X) - ai) - ‘bc,i) (5)

where «; is the desired phase difference. We use two different phase
differences {1, ap } = {—1/27, 1/27} to make symmetric patterns for
a stepping movement by left and right limbs (see Section II-E2). Two
parameters {w,, K. } need to be selected to define the phase oscillator
dynamics.

‘We empirically found that the natural frequency of a linear pendulum
with length [ can be a good candidate for the natural frequency of the
controller as w, = \/g>/l , where g denotes the acceleration due to the
gravity and ! denotes the height of the COM when a biped stands
straight.

By considering the insight from the oscillator dynamics (1) and (2),
we need to use a sufficiently large coupling constant K. to satisfy
|we. —w,| < K. + K, for keeping fixed points.

E. Stepping Controller for Lateral Movement

1) Side-to-Side Controller for Lateral Movement: First, we intro-
duce a controller to generate a side-to-side movement. We use the hip
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joints y;;, . and the ankle joints 6,,1._ [Fig. 3(b)] for the movement.
Desired joint angles for each joint are

9ﬁip,r(¢6) = AV' Sin(¢u) + ér (6)
ggnkle,r(gbtf) = 7A7‘ Sin(¢tf) - ér (7)

where A, ’s are the amplitudes of a sinusoidal function for side-to-side
movements at the hip and the ankle joints, and we use an oscillator
with the phase ¢, = ¢._;. The variable 6, defines the rest posture of
the hip and ankle joints. Two parameters {4, , 6, } need to be selected
for the side-to-side controller.

2) Vertical Foot Movement to Make Clearance: To achieve foot
clearance, we generate a vertical movement of the feet [Fig. 3(b)] by
using simple sinusoidal trajectories as

eﬁip,p (QS() = AF Sin(gb(?) + éﬁ (8)
el{fnee,p (¢(‘) = _2AP Sin((b(?) - Zél’ (9)
Ointep (6c) = — Ay sin(6c) — 0, (10)

where A, is the amplitude of a sinusoidal function to achieve the
foot clearance and 0, defines the rest posture of the hip, knee, and
ankle joints. We use the oscillator with phase ¢. = ¢._; for the right
limb movement and use the oscillator with phase ¢. = ¢._o, which
has a phase difference ¢, » = ¢._1 + 7, for the left limb movement.
Two parameters {A,, 0, } need to be selected for the controller of the
vertical foot movement.

Because the COP is modulated by the joint angle trajectories, the
phase of the controller ¢, affects the phase of the robot ¢, (x) in (3),
through the controllers introduced in (6)—(10).

F. Biped Walking Controller with Additional Sinusoids

For our biped walking controller, we introduce two additional oscil-

lators ¢€J;, where ¢ = 1, 2. We then consider phase dynamics
o= {wc-f— K? sin ((¢r (%) —aof ) - qﬁﬁj) (single support) an
- 0 (double support).

We set the dynamics of the oscillator ¢” ; = 0 during the double sup-
port phase, so that we can prevent the internal force generated by
the friction between the ground and the soles, while we keep using the
phase dynamics (5). We use two different phase differences {o , of } =
{0.0, 7} to make symmetric patterns for a forward movements by left
and right limbs. We empirically figured out that we can generate biped
walking by setting the coupling constant as K? = K. /2.

To walk forward, the biped needs to make forward step. To make
forward step at proper timing, we introduce an additional sinusoidal
trajectory that has 1/27 phase difference from the sinusoidal trajectories
for the stepping movement

0ﬁi})j(¢€) = Ah,s Sln(d)f)
egllklej((zs{?) = _AG—S SIH(QZS{))

where Aj, _, and A, _, are amplitudes of sinusoidal functions at the hip
and the ankle joints for biped walking. We use the phase ¢? = ¢" , that
has 1/27 phase difference with ¢._, that is, the phase of the oscillator
for the lateral movement for right limb, and use the phase ¢ = ¢"
that has 7 phase difference with ¢” ;. The desired nominal trajectories

for hip and ankle pitch joints in (8) and (10) become
efllip,p (¢(T7 ¢f) — gﬁip,p (d)() + eﬁip,s (¢f‘))
agnklc,p (¢C7 ¢f) - Banlc,p (d)c) + eznklc,s ((z)‘:‘))

(12)
13)

(14)
15)
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Fig. 4. Comparison of using different amplitude parameters. (a) Pendulum
angle ¢" in Fig. 3(a). Region that has the value ¢" = 10 represents that
the robot cannot make single support phase with the corresponding parameter
selection. Region that has the value )" = 0 represents that the robot falls over
with the corresponding parameter selection. (b) Stepping period. Region that
has the value Os represents that the robot cannot make single support phase with
the corresponding parameter selection. Region that has the value 3s represents
that the robot falls over with the corresponding parameter selection.

o
s

Fig. 5. Stepping movement using coupled oscillator. (a) t = 0.0 s. (b) t =
0.4s.(c)t =0.8s.

Two parameters { A, , A, _; } need to be selected for the controller for
forward movements.

III. SIMULATION AND EXPERIMENTAL RESULT

We applied our proposed method to a simple three-dimensional
biped robot model [Fig. 1(c)], our human-sized humanoid robot CB
[Fig. 1(a)], and the small humanoid robot [Fig. 1(b)].

A. Stepping Movement

1) Application To the Simulated Biped Model: We applied our pro-
posed method to the biped robot model.

As we proposed in Section II-D, the natural frequency of the con-
troller is set as w. = /¢g/l = 3.6 rad/s and the coupling constant is
set as K, = 10.0. Then, we compared the different parameter settings
for the amplitude A, in (6) and (7) and A, in (8)—(10).

Fig. 4 shows results of the comparison. Using large A, with small
A, results in falling over. On the other hand, using small A, with large
A, cannot make a single support phase. By comparing Fig. 4(a) and
(b), the stepping movement that has smaller pendulum angle ¢)" tends
to have a larger stepping period.

A proper combination of the parameters A, = 2.5° and A, = 5.0°,
which can make the stepping movement without falling over, gener-
ated a stepping movement with period 1.4 s. Equivalently, the average
angular frequency (ﬁf}" = 27/T of the stepping movement was qB‘;fV =
4.5 rad/s, where T is a stepping period. Fig. 5 shows a successful
stepping of the simulated biped model.
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Fig. 6. Generated desired and actual trajectory at hip joint. (a) Without using
coupled oscillator. (b) Using coupled oscillator. Large tracking error appeared
during the single support phase due to not using a very large servo gain. The result
shows that our proposed method does not require accurate tracking performance.

To show how the coupled oscillator model in (1) and (2) worked with
the biped robot model, we tested a different controller with a different
natural frequency w. = 2.5 rad/s. Although the natural frequency was
different, the modulated averaged frequency (biv = 3.9rad/s was much
closer to the previous averaged frequency (152" = 4.5 rad/s than the
selected natural frequency w, = 2.5 rad/s.

By considering the compromise frequency w* introduced in
Section II-A, this result indicates that the current coupling constant
K. = 10.0 is large enough to make the controller frequency close to
the natural frequency of the robot dynamics.

Fig. 6 shows trajectories of desired and actual hip joint angles Oﬁ ipr
and 6y, _, [see Fig. 3(b)]. Fig. 6(a) represents the result of not using a
coupled oscillator model. The desired trajectory is the original simple
sinusoidal trajectory.

Fig. 6(b) represents the result of using a coupled oscillator model.
This modulated trajectory made the stepping movement possible. A
large tracking error appeared during the single support phase due to
not using a very large servo gain. This result shows that our proposed
method does not require an accurate tracking performance. The desired
trajectory is modulated by the coupling with the phase of the robot
dynamics ¢, (x).

2) Application to Human-Sized Humanoid Robot: The proposed
stepping method was applied to the human-sized humanoid robot CB.

The natural frequency of the controller is selected as w. = 3.14 rad/s
and a sufficiently large coupling constant is selected as K. = 9.4 by
following the parameter selection approach introduced in Section II-D.

We empirically figured out proper amplitude parameters A . = 3.0°
and A, = 3.5°, which can generate a stepping movement.

Fig. 7 shows a successful stepping of the human-sized humanoid
robot.

3) Application to the Small Humanoid Robot: We applied the pro-
posed stepping method to the small humanoid robot.

The natural frequency of the controller is selected as w. = 6.28 rad/s
and a sufficiently large coupling constant is selected as K. = 9.4 by
following the parameter selection approach introduced in Section II-D.

We empirically figured out proper amplitude parameters A_, = 7.5°
for hip, A_, = 2.5° for ankle, and A, = 3.5°, which can generate a
stepping movement.

Fig. 8 shows a successful stepping of the small humanoid robot.
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Fig. 7. Successful stepping of our human-sized humanoid robot CB.
Fig. 8. Successful stepping of the small humanoid robot.
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Fig.9. Comparison with different amplitude parameters A in (12) and (13).
The biped model falls over with the parameter A; > 9.0°. (a) Walking speed.
(b) Walking period.

B. Biped Walking

1) Application to Simple Biped Model: We applied our proposed
method to generate walking movements by using the simulated biped
model.

The same parameters as the stepping controller for the natural fre-
quency of the controller w. = 3.6 rad/s and the coupling constant
K. = 10.0 are used. We empirically figured out proper amplitude pa-
rameters A, = 2.5° and A, = 6.0° for the walking task.

We compared different amplitude parameters A; by setting A, _; =
Asin(12)and A, s = A, /2 in (13).

Fig. 9 shows the results of the comparison. Walking velocity was
linearly increased according to the increase of the amplitude param-
eter A. This is one of the good properties of the proposed walking
controller, since we can easily select the amplitude parameter to achieve
the desired walking velocity.

On the other hand, the walking period did not show a monotonic
change according to the increase of the amplitude A, as in Fig. 9(b).
Walking velocity can be increased by either increasing walking step
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(a)

Fig. 10.
(e)t=123s.(f)t =153s.(g)t = 1.87s.

Fig. 11.  Successful walking pattern of our human-sized humanoid robot CB.

Fig. 12.

or decreasing walking period (increased walking frequency). We can
see that the walking controller used different strategies to increase the
walking speed with different amplitude A .

Fig. 10 shows the successful walking pattern generated by our con-
trol approach. We showed that the simulated robot model could walk
by only using the simple sinusoidal trajectory, which is composed of
at most only two sinusoidal basis functions at each joint, modulated by
the detected phase from the COP.

2) Application to Human-Sized Humanoid Robot: We applied our
proposed walking method to the humanoid robot CB.

The same parameters as the stepping controller for the natural
frequency of the controller w. = 3.14 rad/s, the coupling constant
K. =94,A, =3.0°and A, = 3.5° are used.

We empirically figured out proper amplitude parameters A;, ; =
4.0° and A,_; = 2.0° for the walking task.

Fig. 11 shows the successful walking pattern of our humanoid robot.
Our proposed method was able to generate successful walking patterns
even in the real environment.
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(e)

(@

Successful walking pattern using simulated biped robot model. Walking speed is 0.22 m/s. (a) ¢ = 0.0s. (b) ¢ = 0.30s.(c)t = 0.57 5. (d) ¢t = 0.93 s.

Successful walking pattern of the small humanoid robot. Knees are stretched during walking.

Note that the black tube from the top of each photo in Fig. 11 is a
hydraulic cable.

3) Application to the Small Humanoid Robot: We applied our pro-
posed walking method to the small humanoid robot.

The same parameters as the stepping controller for the natural
frequency of the controller w. = 6.28 rad/s, the coupling constant
K. = 9.4, amplitudes A_, = 7.5° for hip, A_, = 2.5° for ankle, and
A, = 3.5° are used.

We empirically figured out proper amplitude parameters A; ; =
12.0° and A, _, = 8.0° for the walking task.

Fig. 12 shows the successful walking pattern of the small humanoid
robot. Our proposed method was able to generate successful walking
patterns for robots of different sizes. Because our method to design a
biped walking controller does not suffer from singularity problem at
knee joints that comes from using inverse kinematics, knees can be
straighten during walking.

We calculated the ratio between the single support phase and the
double support phase. The ratio was around (Tyouble)/(Taouble +
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Fig. 13.

Tsingle) X 100% = 25%, where Toupie is a period of time of the dou-
ble support phase and 75;, 41 is a period of time of the single support
phase in a walking cycle. This ratio is similar to the ratio for adult
human biped walking 20-25% that depends on the age of the human
subject [22], [23]. This ratio is achieved by our proposed controller
without using predesigned trajectories of the COP.

We also tested the robustness of our biped controller by using four
different ground surfaces with different frictions. Each surface also has
different height. The four surfaces include carpet with 0.0 mm (base
level), plastic sheet with 2.0 mm, rubber sheet with 3.5 mm, and metal
sheet with 3.0 mm. Fig. 13 shows successful results of walking over
the different surfaces without changing any parameter of the biped
controller.

IV. DISCUSSION

In this paper, we presented a biologically inspired biped locomo-
tion strategy. Our method proposed the utilization of the COP position
and velocity to detect the phase of the lateral robot dynamics. Evi-
dences in biological locomotion studies support a part of our paper
(1], [24].

The detected phase of the robot dynamics was used to modulate
sinusoidal joint trajectories. The modulated trajectories enabled our
robots to generate successful stepping and walking patterns. Because
the angular frequency in (5) is continuously changing during stepping
and walking, not only the frequency of the controller changes toward
the resonant frequency and excites the robot dynamics, but also the
time course of the sinusoidal patterns are modulated.

We successfully applied our proposed control approach to the newly
developed human-sized humanoid robot CB and a small humanoid
robot.

In the future, we will consider using optimization methods such as
reinforcement learning or dynamic programming [25], [26] to acquire
a nonlinear feedback controller in order to increase the robustness of
the walking controller.

APPENDIX

Here, we describe our simulation setups. To follow the desired trajec-

tories, the torque output at each joint is given by a PD servo controller
. d .

=K, (0"(¢) —0) + Ku(0 (6.) — 6) (16)

where 87 (¢.) € R' is the target joint angle vector,K, denotes the

position gain matrix, and K, denotes the velocity gain matrix. Each

element of the diagonal position gain matrix K,, is set to 3000 and each
element of the diagonal velocity gain matrix K is set to 100.

Successful walking pattern of the small humanoid robot over four different surfaces: 1) Carpet. 2) Plastic sheet. 3) Rubber sheet. 4) Metal sheet.

We used the fourth-order Runge—Kutta method with a time
step of A¢=0.0003 s to numerically integrate the biped
dynamics.

The vertical ground reaction force f, is simulated by a spring-
dumper model given by

fo=—kyzep —kjZep amn
where k; = 30000 is the spring gain, k; = 1000 is the dumper gain,
and z, denotes the vertical position of a contact point.

The ground reaction force for horizontal directions f, and f, are
simulated by viscous friction

e
fy = _kgyf:p

(13)
19

v
—kjEep

where kj = 2500 and k! = 2500 are dumper gains. ., and y,, are
the horizontal positions of a contact point.
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Multisensor Input for CPG-Based Sensory—Motor
Coordination

R. Héliot and B. Espiau

Abstract—This paper describes a method for providing in real time a
reliable synchronization signal for cyclical motions such as steady-state
walking. The approach consists in estimating online a phase variable on
the basis of several implicit central pattern generator associated with a
set of sensors. These sensors can be of any kind, provided their output
strongly reflects the timed motion of a link. They can be, for example, spatial
position or orientation sensors, or foot sole pressure sensors. The principle
of the method is to use their outputs as inputs to nonlinear observers of
modified Van der Pol oscillators that provide us with several independent
estimations of the overall phase of the system. These estimations are then
combined within a dynamical filter constituted of a Hopf oscillator. The
resulting phase is a reliable indexing of the cyclic behavior of the system,
which can finally be used as input to low-level controllers of a robot. Some
results illustrate the efficiency of the approach, which can be used to control
robots.

Index Terms—Central pattern generator (CPG), oscillator, sensors,
sensory—motor coordination.

[. INTRODUCTION

A classical way of generating cyclic motions for articulated systems
is to synthesize a rthythm generator, called central pattern generator
(CPG). The CPG concept comes from biology [1], [2]; it is a small
neural network, located at the spinal level, able to generate rhythmic
commands for the muscles. CPGs receive inputs from higher parts of
the central nervous system, and also from peripheral afferents; thus,
its functioning results from an interaction between central commands
and local reflexes. The implementation of this artificial CPG is usually
achieved either by designing and training an adequate artificial neural
network [3], or by using explicitly nonlinear differential equations act-
ing as an adaptable dynamical oscillator [4]. This concept allows us
to easily achieve coordination between different limbs, using indepen-
dent oscillators for each limb, that are coupled together. In that case,
phase oscillators are often used in order to easily model the interaction
between two oscillators [5], [6].

When several actuators that need to be synchronized are consid-
ered, e.g., for multilegged robots, multiple or coupled oscillators can
be used, generally under the control of a master CPG. For this kind
of classical CPG-based approach, the literature is quite extensive [4],
[7]-[9]. However, the need for adaptation of the system to environ-
mental changes, external requirements, or proprioceptive information
through sensory signals is more rarely addressed. We can nevertheless
refer the reader to a few recent papers in the field that give a good
idea of the state of the art; in [10], a robot fish can avoid obstacles
through infrared sensors, the output of that will allow the system to
select CPG model strategies among a set of predefined ones. Fukuoka
et al. [11] modulate the phase of a neural oscillator on the basis of the
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