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Abstract

We have been trying to induce a quadruped
robot to walk with medium walking speed on irreqular
terrain based on biological concepts. PD-controller
at joints constructs the virtual spring-damper sys-
tem as the wvisco-elasticity model of a muscle. The
neural system model consists of a CPG (central pat-
tern generator) and reflexes. A CPG receives sen-
sory input and changes the period of its own active
phase. The desired angle and P-gain of each joint
in the virtual spring-damper system is switched based
on the phase signal of the CPG. CPGs, the motion
of the virtual spring-damper system of each leg and
the rolling motion of the body are mutually entrained
through the rolling motion feedback to CPGs, and
can generate adaptive walking. We report our ez-
perimental results of dynamic walking on terrains of
medium degrees of irregularity in order to verify the
effectiveness of the designed neuro-mechanical sys-
tem. MPEG footage of these experiments can be seen
at: hitp://www.kimura.is.uec.ac.jp.

1 Introduction

Many previous studies of legged robots have been
performed, including studies on running and dynamic
walking on irregular terrain. However, autonomous
dynamic adaptation in order to cope with an infinite
variety of terrain irregularities still remains unsolved.

Many previous studies of legged robots have been
performed, including studies on running[1, 2] and dy-
namic walking[3]~[6] on irregular terrain. However,
autonomous dynamic adaptation in order to cope
with an infinite variety of terrain irregularities still
remains unsolved.

In contrast, animals show marvelous abilities in
autonomous adaptation. It is well known that the
movements of animals are controlled by internal neu-
ral systems[7]. A great deal of the previous research
on this attempted to generate autonomously adapt-
able dynamic walking using a neural system model
in simulation[9, 10], and real robots[11]~[16]. In our
previous studies[12], by the use of a planar quadruped
robot called "Patrush-I,” supported by two poles, we
proposed a new method for combining a CPG (Cen-
tral Pattern Generator) and reflexes based on biolog-

ical knowledge[7], and showed that reflexes generated
via a CPG were much more effective in adaptive dy-
namic walking on terrains with medium degrees of
irregularity.

Since our next goal is dynamic 3D space walk-
ing (pitch, roll and yaw planes) free of supporting
poles on 2D irregular terrains , we constructed a new
quadruped robot called 'Tekken,” which was designed
to improve the success ratio of dynamic walking on
terrains with a higher degree of irregularity than nor-
mal.

In this paper we point out the trade-off problem
between the stability and the energy consumption in
determining the cyclic period of walking on irregular
terrain, and show one example to solve such problem.

2 Adaptive Dynamic Walking based
on Biological Concepts

2.1 Rhythmic Motion by CPG

Although actual neurons as a CPG in higher ani-
mals have not yet become well known, features of a
CPG have been actively studied in biology, physiol-
ogy, and so on. Several mathematical models were
also proposed, and it was pointed out that a CPG
has the capability to generate and modulate walk-
ing patterns and to be mutually entrained with a
rhythmic joint motion[7]~[9, 17]. As a model of a
CPG, we used a neural oscillator: N.O. proposed by
Matsuoka[18], and applied to the biped simulation
by Taga[8, 9]. A single N.O. consists of two mutu-
ally inhibiting neurons (Fig.1-(a)). Each neuron in
this model is represented by the following nonlinear
differential equations:

Tlfe,f}yi = —Ufef}i T WreY{s,eri = Ble,r}i
+ug + Feed{e’f}i + Z WijY{e,f}j
j=1
Y{e.s}i max (ufe,s}i,0) (1)
Ty = —Vfeshi T Y{e sy

where the suffix e, f, and ¢ mean an extensor neu-
ron, a flexor neuron, and the i-th N.O., respectively.
Ufe,f}i 1S Uei OT uy;, that is, the inner state of an
extensor neuron or a flexor neuron of the i-th N.O.;
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Figure 1: Neural oscillator as a model of a CPG. The
suffix 4,7 = 1,2, 3,4 corresponds to LF, LH, RF, RH.
L, R, F or H means the left, right, fore or hind leg,
respectively.

Vfe,f}i 18 @ variable representing the degree of the
self-inhibition effect of the neuron; y.; and yys; are
the output of extensor and flexor neurons; ug is an
external input with a constant rate; Feedy,. ry; is a
feedback signal from the robot, that is, a joint an-
gle, angular velocity and so on; and (3 is a constant
representing the degree of the self-inhibition influence
on the inner state. The quantities 7 and 7' are time
constants of uy sy and vy sy4; wye is a connecting
weight between flexor and extensor neurons; w;; is
a connecting weight between neurons of the i-th and
j-th N.O..
In Fig.1-(a), the output of a CPG is a phase sig-
nal: y; .
Yi = —Yei + Yri (2)

The positive or negative value of y; corresponds to
activity of a flexor or extensor neuron, respectively.
We use the following hip joint angle feedback as a
basic sensory input to a CPG called a “tonic stretch
response” in all experiments of this study. This neg-
ative feedback makes a CPG be entrained with a
rhythmic hip joint motion.

Feede-tsr = ktsr(e — 00), Feedf.tsr = _Feede~tsr
(3)
Feed(. sy = Feed. sy.1or (4)

where 6 is the measured hip joint angle, 6y is the
origin of the hip joint angle in standing and ki, is
the feedback gain. We eliminate the suffix ¢ when we
consider a single N.O..

2.2 Virtual Spring-Damper System

Muscles and tendons of animals act as spring-
damper system in medium and high speed walking

@ swing phase

virtual spring- L~
damper system

stance phase

Figure 2: State transition in the virtual spring-
damper system. The desired joint angles in each state
are shown by the broken lines.

and running, and play an important role for stabiliza-
tion and energy storage. The whole visco-elasticity of
a muscle is the sum of its own visco-elasticity as mate-
rial and the visco-elasticity as a result of feedback by
the stretch reflex and others. It is also known that the
muscle stiffness in the stretch reflex is almost propor-
tional to the muscle tension, high in a stance phase
for supporting a body against the gravity and low in
a swing phase for compliance against the disturbance,
during walking of cats[19]. Full et al.[20] pointed out
the importance of the mechanical visco-elasticity of
muscles and tendons independent of sensory input
under the concepts of “SLIP(Spring Loaded Inverted
Pendulum)” and the “preflex”. Those biological con-
cepts were applied for the development of hexapods
with high-speed mobility over irregular terrain[2, 21].
Although we are referring to the concept of SLIP,
we employ the model of the muscle stiffness, which is
generated by the stretch reflex and variable according
to the stance/swing phases, aiming at medium-speed
walking on irregular terrain adjusted by the neural
system

All joints of Tekken are PD controlled to move
to their desired angles in each of three states (A, B,
C) in Fig.2 in order to generate each motion such as
swinging up (A), swinging forward (B) and pulling
down/back of a supporting leg (C). The timing for
all joints of a leg to switch to the next state are:

A — B: when the hip joint angle of the leg reaches the

desired angle of the state (A)

B — C: when the CPG extensor neuron of the leg be-

comes active (y; < 0)

C — A: when the CPG flexor neuron of the leg becomes

active (y; > 0)

Since Tekken has high backdrivability with small
gear ratio in each joint, PD-controller can construct
the virtual spring-damper system with relatively low



Table 1: Desired value of the joint angles and P-gains
at the joints in each state used in the PD-controller
for the virtual spring-damper system. 6, ¢ and ¥ are
the hip pitch joint angle, the knee pitch joint angle
and the hip yaw joint angle shown in Fig.3, respec-
tively.

| | P control
angle in state desired value[rad] P-gain[Nm/rad]
fin A 1-200—>A G1
fin B —-0.17 Gov+Gs
fin C Ostancet —G4v+Gs
body pitch angle
¢in A& B * Gs
¢ in C 0.61 Gr
1 in all states 0 Gs

fc— 4: the hip joint angle measured at the instance
when the state changes from (C) to (A).

Ostance: variable to change the walking speed.

body pitch angle: the measured pitching angle of
the body used for the vestibulospinal reflex.

+x means that the desired angle is calculated
on-line for the height from the toe to the hip
joint to be constant.

v [m/s]: the measured walking speed of Tekken.

stiffness coupled with the mechanical system. Such
compliant joints of legs can improve the passive
adaptability on irregular terrain.

2.3 Rolling motion feedback to CPGs

In Tekken, we made the body angle around the
roll axis be inputted to the CPGs as a feedback signal
expressed by Eq.(5) and Eq.(6).

Feede~roll =
Feedf.ron =

6(leg) kron % (body roll angle)
_Feede~roll

stteq) ={ _}

(5)

if leg is a right leg;
otherwise

Feed, =
Feed; =

Feede~tsr-vsr + Feede-roll
Feedf~tsr-vsr + Feedf~roll

(6)

CPGs, the pitching motions of the legs and the rolling
motion of the body, are mutually entrained through
the rolling motion feedback to CPGs expressed by
Eq.(6). This means that the rolling motion can be the
standard oscillation for whole oscillations, in order to
compensate for the weak connection between the fore
and hind legs in the CPG network. As a result, the
phase difference between the fore and hind legs is
fixed, and the gait becomes stable.

2.4 Stability evaluation

In this study, we define the “wide stability margin”
as the shortest distance from the projected point of
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Figure 3: Control diagram for Tekken. PD-control at
the yaw hip and knee pitch joints are eliminated in
this figure.

the center of gravity to the edges of the polygon con-
structed by the projected points of legs independent
of their stance or swing phases (Fig.4). Since the
wide stability margin (WSM) is used not for motion
planning but for motion evaluation, not ZMP but
the projected point of the center of gravity is used
eliminating inertia force and so on for simplicity. In
such robot like Tekken which can move a swinging
leg quickly enough within the short cyclic period of
walking (0.2~0.6), a swinging leg can land on floor
immediately if needed in Fig.4. Therefore, the WSM
can be the substitution of the conventional stability
margin or the ZMP margin used in order to avoid ex-
cess angular acceleration around the line connecting
two supporting points.

the center of gravity

/7
wide stability margin

Figure 4: The definition of the wide stability margin

In Fig.5, WSM normalized by the body width
of Tekken (w = 120 [mm]) are shown for various
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Figure 5: Wide stability margin (WSM) measured in

experiments (@;4qnce=-0.8), which were carried out

on flat floor with various time constants of CPGs:7
and various gains of the rolling motion feedback to
CPGs:kyr-. All plotted points mean the average of
the minimum WSM in three times experiments. The

walking speed and distance were 0.5 [m/s] and 2 [m]

in all experiments, respectively. The cyclic period of

walking:T" corresponding to 7 are shown.

7: the time constant of a CPG in Eq.(1), and various

kit gains of the rolling motion feedback to CPGs.

The cyclic periods of walking corresponding to each
value of 7 is alos shown in Fig.5. In Fig.5, high WSM

was obtained without rolling motion feedback to CPG

(ki = 0) in walking with the short cyclic period
(T < 0.4 [s]). This is because it is not necessary to
entrain pitching motion with rolling motion, of which
amplitude becomes very small in walking with the

short cyclic period. On the other hand, the ampli-
tude of rolling motion in walking with the medium
and large cyclic period (T' > 0.4 [s]) becomes large,
since the angular momentum around the line connect-
ing two supporting points largely changes in the two-

legged stance phase. In such cases, ky.-(=0) makes
walking not smooth or unstable due to the lack of

entrainment between rolling motion and pitching mo-
tion. We use ky,..(=3.3), which gives WSM > 0.3w

for T' < 0.6 [s], as the optimal value for Tekken in all

following experiments.
2.5 Energy consumption evaluation

The energy consumption as Joule thermal loss at

DC motors calculated using measured current value

are shown in Fig.6 as results of experiments with var-

ious values of 7. In Fig.6, we can see that walking
with large value of 7, that is, walking with the long

cyclic period is superior in the energy consumption
while the walking speed is low (0.05 ~ 0.2 [m/s]).

On the other hand, walking with small value of 7 is
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Figure 6: The relation between the walking speed
and the energy consumption in walking with three
different values of 7. 0siqnce was changed at 3.5 [s].
The cyclic period of walking: T" at several instants are
also shown for each value of 7.

superior in the stability as shown in Fig.5. As a re-
sult, we have to solve the trade-off problem between
the stability and the energy consumption in order to
determine the value of 7 under the given walk speed.

3 Experiments on terrain of medium
degree of irregularity

We made Tekken walk on several irregular terrains
with (Eq.(6)) and fixed values of parameters shown
in Table 1 and Table 2. We use 7 = 0.04 in these
experiments. Tekken walked over an obstacle 4 [cm]
in height while stumbling (Fig.7-(a)), and walked up
and down a slope of 10 [deg] in the forward direc-
tion (Fig.7-(b)). Tekken also succeeded in walking
over terrains consisting of several boards 1.5 [cm] in
height, series of obstacles, Fig.7-(c)) and slopes in
a side direction, Fig.7-(d)), with an appropriate ad-
justment of periods of the stance and swing phases.
Without a tonic labyrinthine response for rolling, the
gait was greatly disturbed, even if Tekken didn’t fall
down. Consequently, it was shown that method pro-
posed in this study gives Tekken autonomous adap-
tation ability, since walking over unknown terrain of
medium degree of irregularity was realized with fixed
values of parameters.

3.1 How to get good performance on ir-
regular terrain under trade-off of sta-
bility and energy consumption

In Section 2.5, we mentioned the trade-off problem
between the stability and the energy consumption in
order to determine the value of 7. In this study, we
employ the following (Eq.(7)) in order to change 7
according to the wide stability margin (WSM). Eq.(7)



Figure 7: Walking over a step 4 [cm] in height: (a),
walking up and down a slope of 10 [deg] in a forward
direction: (b), walking over series of obstacles 2 [cm]
in height: (c¢) and walking over slopes of 3 and 5 [deg]
in a side direction: (d).

means that we choose the large value of 7 while WSM
is high in order to decrease the energy consumption,
and choose the small value of 7 while WSM is low in
order to increase WSM.

7 = 0.12(wide stability margin)/w (7)

where WSM is normalized by the body width of
Tekken (w = 120 [mm]).
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Figure 8: Irregular terrain used for Fig.9 and Fig.10.

The results of experiments, where Tekken walked
over terrain shown in Fig.8 with the small constant
value of 7(=0.005) and the various value of 7 calcu-
lated using Eq.(7), are shown in Fig.9 and Fig.10.

In Fig.9, we can see that the minimum WSM for
the constant value of 7 is approx. 0.25w on the ir-
regular terrain and the stable walking was obtained,
since 7 is very small. On the other hand, in walk-
ing with the various value of 7, WSM became small
(0.18w) on the irregular terrain at 9.3 [s]. But the rel-
atively small values of 7(=0.02) calculated by Eq.(7)
made the cyclic period of walking be short instantly,
increased WSM up to 0.25w and prevented Tekken
from falling down. The walking with the large con-
stant value of 7(=0.05) became unstable on the irreg-
ular terrain.

In Fig.10, the energy consumption with the small
constant value 7 = 0.005 is larger than that with the
various value of 7 (0.02~0.065) at the dominant walk-
ing speed (0.3 [m/s]). Since the energy consumption

wide stability
margin ‘ ‘ ‘ ‘ ‘ ‘
[mm] — T =0.005

T(eq(9))

0.07
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Figure 9: Wide stability margin while walking over
terrain shown in Fig.8 (0s¢ane.=-0.7). The cyclic pe-
riod of walking corresponding to the constant value
7 = 0.005 is approx. 0.25 [s]. The cyclic period
of walking corresponding to the various value of 7
(0.02~0.065) is approx. 0.32~0.7 [s].

in the area B corresponds to the instant energy con-
sumed for adaptation to irregular terrain, the time in-
tegration of those energy is not large. As a result, the
integration of the energy consumption were 1020 [J]
for walking with the constant value of 7(=0.005) and
650 [J] for walking with the various value of 7. Con-
sequently, it was shown that stable walking with the
low energy consumption was obtained using Eq.(7).

4 Conclusion

In the neural system model proposed in this study,
the relationships among CPGs, sensory input, re-
flexes and the mechanical system are simply defined,
and motion generation and adaptation are emer-
gently induced by the coupled dynamics of a neural
system and a mechanical system by interacting with
the environment. To generate appropriate adapta-
tion, it is necessary to design both the neural system
and the mechanical system carefully. In this study,
we designed the neural system consisting of CPGs,
responses, the stretch reflex and other reflexes re-
ferring to biological concepts. We also designed the
passive spring-and-lock mechanism at the ankle joint
as mechanical implementation of the flexor/extensor
reflexes[11]. The virtual spring-damper system be-
came effective since Tekken had a light-weighted leg
and high backdrivability in each joint.

The physical oscillations such as the motion of
the virtual spring-damper system of each leg and the
rolling motion of the body are mutually entrained
with CPGs as the neural oscillations. A CPG receives
sensory input and changes the period of its own ac-
tive phase as responses. The virtual spring-damper
system also receives sensory input and outputs torque
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Figure 10: Energy consumption while walking over
terrain shown in Fig.8 with the constant value of
7(=0.005) and the various value of 7 calculated using
Eq.(7). The dominant walking speeds in both walk-
ing are almost equal (approx. 0.3 [m/s]).

as reflexes. The states in the virtual spring-damper
system are switched based on the phase signal of the
CPG. Consequently, the adaptive walking is gener-
ated through the interaction with environment.

A Values of the parameters used in
experiments

Table 2: Parameters used in experiments

| parameters ’ value H parameters ’value ’

Up 1.0 90 [rad] -0.87
7! 0.6 G1[Nm/rad] 7.0
e 3.0 || G2[Nms/rad] | 0.5

Wee -2.0 G3[Nm/rad] 0.4

’11){13731’24’42} -2.0 G4 [Nms/rad] 1.4
w{12734} 0 G5 [Nm/rad] 2.0
’11){21743} -0.57 G6 Nm/rad 1.0

kisr[1/rad] 3.0 G7[Nm/rad 2.6
kyrr[1/rad) 3.3 Gg|Nm/rad] 1.0
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