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Abstract

In this paper, first, stability of locomotion of the multi-
legged locomotion robot along astraight lineisanalyzed, and
then, based on the dynamic characteristics, aturning strategy
is proposed. The effectiveness of theturning strategy is veri-
fied by the numerical simulations; the robot can turnwith less
dlip to the ground by decreasing the stability of the straight
walk of the robot.

1. Introduction

Locomation with legs allows a robot to move on a
rough terrain. Moreover, locomotion with many legs
has the advantage to improve the stability because the
robot is supported with many legs. But it also has the
drawback to lack the maneuverability of locomotion
because the robot is constrained on the ground by many
legs. From the practical view point, it is important to
study how to improve the maneuverability of a multi-
legged locomotion robot. Now the established method
to control arobot consists of motion planning and mo-
tion control. Motion planning is to compute the mo-
tions of the joints so as to realize a given motion of the
robot, and motion control is to control the joints so as
to realize the designed motion. Motion planning of the
turning walk of a multi-legged locomotion robot is to
compute the positions of the tips of the legs so that the
robot moves along a given curved line, and this results
in the inverse problems of the equations of motion for
many variables. This calculation is not efficient, and
the solutions can not adapt to the change of the envi-
ronment.

In ethology, research on arthropod locomotion is
progressed.  Arthropod locomotion has much sta-
bility and also maneuverability such as quick turn-
ing. Now, research is focused to reveal what mech-
anism of arthropod can make the locomotion stable
and maneuverable[1]. Schmitt[2], et al. have analyzed
the dynamics of the turning behavior of the cockroach
Blaberus discoidalis based on a mathematical model
and revealed that the cockroach decreases the stability
of a straight walk by moving the points on the body

where the forces from the ground act and this, in turn,
can make the cockroach turn quickly.

In the preceding researches on robotics, there is lit-
tle research of locomotion to enhance the maneuver-
ability of motion of a robot by changing the dynamic
characteristics of the robot. This paper dealswith turn-
ing strategy of a multi-legged locomotion robot. We
propose the control strategy for the robot so as to re-
alize to turn efficiently by decreasing the stability of
the straight walk of the robot. We have already pro-
posed the locomotion control system of a multi-legged
locomotion robot using oscillators. In this paper, the
robot with this control system is subject of investiga-
tion. First, we analyze the stability of the straight walk
of the robot with the proposed control system. The
analysis reveals that by changing a certain control pa-
rameter, the stability of the straight walk of the robot
decreases and beyond a critical point the meandering
motion appears. We develop the control strategy for
the multi-legged locomotion robot to turn efficiently
using the change of the dynamic characteristics of the
robot.

2. 3-D dynamics model

We consider the multi-legged locomotion robot shown
in Fig.1. The robot has six modules, each of which
has one body and two legs. Each leg is composed of
two links which are connected to each other through
a one degree of freedom rotational joint and are con-
nected to the body through a one degree of freedom
rotational joint. Each module is connected to each
other through a coupler which composed of roll, pitch
and yaw joints. The inertia fixed coordinate system
is defined as [ag] = [ao1, @o2, aps]. The coordinate
system fixed on the body of first module is defined as
[al] = [an, aio, 1113]. Axes 1,2 and 3 coincide with
the direction of roll, pitch and yaw, respectively. The
modules are enumerated from 1 to 6 and the coupler
between module (i — 1) and module ¢ is numbered as
coupler 4, as shown in Fig.1. Left and right legs are
numbered as leg 1 and leg 2, respectively. The joints
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and thelinks of each leg are numbered asjoint 1 and 2,
and link 1 and 2 as shown in the figure. The position
vector from the origin of [ao] to the origin [a]is de-
fined asrg = [ag|ro. We define 6; as the components
of 3-1-2 Euler anglefrom [a; 4] to [a;], and define ;)
asthejoint angle of link % of leg j of module .

Module6

Module2
Coupler2

Leg2 Legl

Modulel

Figure 1: Schematic model of multi-legged locomotion robot

The state variables are defined as follows;

qT = [TOm Oim etiZn ]

izla"'aGaj_laQa
k=1,2,m=1,23

1)

Equations of motion for state variable ¢ are derived
using Lagrangian formulation as follows;

=G+ (n+mi)+ @)

where M is the generalized mass matrix. H(q, q) is
the nonlinear term which includes Coriolis forces and
centrifugal forces. G isthe gravity term. 7; and 7, k)
are the input torques of the actuators at coupler ¢ and
joint k of leg 7 of modulei. A isthereactionforcefrom
the ground where the tip of the leg makes contact. The
reaction forces are modeled using a spring and damper
model.

M{+ H(q,q

3. Control system of locomotion[3]

The control system of locomotion is composed of leg
motion controllers and a gait pattern controller(Fig.2).
The leg motion controllers drive the joint actuators
of the legs so as to realize the desired motions com-
manded by the gait pattern controller. The gait pattern
controller involves nonlinear oscillators corresponding
to each leg. It receives the commanded signal of the
nominal gait pattern as the reference, and generates a
gait pattern which is served to the leg motion controller
as the commanded signal .

Nominal gait pattern
gait pattern
sonuroller
Commanded
trajectory
© |leg motion ©)
controller

Figure 2: Control system of locomotion

The nominal trgjectories of the tips of the legs are
designed asfollows; First, we define the position of the
tip of the leg where the transition from the swinging
stage to the supporting stage as the anterior extreme
position (AEP) and the position where the transition
from supporting stage to the swinging stage as the pos-
terior extreme position (PEP). The nominal PEP and
the nominal AEP are expressed as nfja) ﬁfj,) in the

coordinate system [a;]. The nomina trgectory for

the swinging stage is designed as a closed curve 7%,

which involves the points 7%) and 7%, and the nom-
inal trgjectory for the s.Jpportl ng stage is designed as

astraight line nfg’ which also involves the points /)

and 7 A(J ). Then, thesetrgjectories are given asfunctions
of the phases of the oscillators. The state of the oscil-
lator (4, 5), oscillator onleg j of module s, is expressed
asfollows;

29 = exp(o) €)

where z ) is the state of the oscillator and qb(J ) isthe
phase of the oscillator. we set the nominal phase dy-
namics of the oscillator as

2 (4)

¢ =w 4

The nominal trajectories 72, and /%) , aregiven as
functions of the nominal phase qb,(.J ) of the oscillator as
G = M%w(0) (5)

i, = 0,0 (6)

where the nominal phases ¢’ of the oscillator (i, j) at
AEP and PEP are determined as follows;
(%j)

= ¢U) a AEP, ¢\ =0 a PEP 7

ThP-1-1



Figure 3: Nomina trajectory of the leg

We use one of these two trgj ectpri&s alternatively to
generate the nominal trgjectory an ) of theti p of theleg
as follows(Fig.3);

A1) (40) 2 _ 5(9)
NOY; iSw\Pi 0 < ;" < ¢
79 (39 :{ Nigw(®; ) ¢; < ¢4

~(J

¢ IO R LI (8
AL @) oY) <o) < on

The nominal duty ratio 3’ of leg j of module i isthe
ratio between the nominal time for the supporting stage
and the period of one step of the nominal locomotion,
whichis given by

p=1-32 (9)
Then, the nominal stride S’ of leg j of module i and
the nominal locomotion velocity © are given as fol-
lows;

= 775 JA)l

A7) &)
G . 1=p7 S
— A9, 0= 2l (10)

&0
’ B(J) TS’w

where T’s,, isthe nominal time of the swinging stage.

The nominal angle 6% of joint  of leg j of mod-
ule i iswritten as a function of nominal phase qb,ﬁ” as
follows;

0 =07 (5) (11)

The commanded torques at each joi nt of the legs
are designed using the nominal angle efﬁ as the com-
manded angle as follows;

. PR . G
Ti(li) = Kgi)k(egi) - 91%)) + K(DJi)k-(eik - 9%)) (12)

where T,L.(,f ) is the actuator torque at joint k of leg j of
module ¢, and Kl(ii)k, Kgi)k, are the feedback gains.

On the other hand, the commanded torques at each
joint of the couplers are obtained as follows;

7 = —Kpith — Kp;b; (13)

where 7; is the actuator torque at coupler ¢, and
Kp;, Kp; arethe feedback gains.

4. Straight walk

Here, we analyze the stability of the straight walk of
the multi-legged locomotion robot with the control sys-
tem of locomotion described above.

4.1. 2-D dynamics model

First, it is assumed that the robot walks with a gait
pattern where many of the legs always make contact
with the ground. Then, the vertical motion of the robot
can be neglected. The robot snakes its way on the
ground under the influence of the forces acting from
the ground intermittently. Next, it is assumed that the
period of the meandering motion is long as compared
with that of the cyclic motions of the legs. Then, the
intermittent forces from the ground may be modeled as
the constant forces and the speed of locomotion of the
robot may be constant.

From these assumptions, the 3-D model shown in
Fig.1 are simplified by the 2-D model shown in Fig.4.
This model is composed of the rigid bodies which are
connected to each other through a one degree of free-
dom rotationa joint, and can move only in aplane. As
propulsive forces, the constant follower forces parallel
to the walking directions of each modules act on the
modules. Asfrictionforces, the forcestangential to the
walking directions of each modules act on the modules
and the magnitudes of the forces are proportional tothe
velocities of these directions.

Module3
Modulel Module2
F F F ves
013 023 033
For "\ )
L : A

Figure 4: Simplified model of multi-legged locomotion robot

From these assumptions, Eq.(2) is simplified as fol-
[ M(q) 0

lows;
I R A

q' =[ro2, 0iz) (i=1,---,6)

where the state variabl e of thewalking direction, rg1, is
contracted because it is separated from the other equa-
tions. By putting ¢ = [47, ¢* | Eq.(14) becomes as
follows;
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4.2. Linearized eguation and its stability

We define &, as the equilibrium solution of EQ.(15).
We expand Eq.(15) about the point &, as follows;

9A(¢) L 9b(¢)
{A(@) o 5065} 9 = i) + 3¢ 0 16)
where & = &, + 6€. Itislinearized asfollows;
. 0b(¢)
A(&)oE = —=+| & 17
(€0 = 567 ¢ an
Since A(&) isregular, Eq.(17) isrewritten as
. Ob
= Wige, W) = A6) G| a9
o
We %IeCt §O = [9791',979'&] = [0,,0] (Z =
1,---,6) as the equilibrium solution in order to ana-

lyze the stability of the straight walk. Parameters are
shownin Table 1.

Table 1: Linear analysis parameters

Mass of Module 0.80 | [kq]
Follower Force(F) 332 | [N]
Locomoation Velocity(z) | 0.167 | [m/q]

First, we investigate the stability of the straight walk
when the compliances of yaw joints of the couplersare
increased. Thefeedback gainsischanging by using the
parameter f where parameter ¢ isset to be 0.8.

{ Kp; = Ko(2n f)? (i =2

Kpi = 2Ko((27f)
The trgjectories of the eigenvalues of the linearized
Eq.(18) is shown in Fig.5. From this figure, it is
revealed that when the parameter f decreases and
reaches a critical point, a pair of eigenvalues cross the
imaginary axis and become unstable. That is, a Hopf
bifurcation occurs. Inthefigure, the points enclosed by
circles correspond to the el genval ues when the bifurca-
tion occurs. Fromthisanalysis, it isrevea ed that when
thefeedback gains of yaw jointsof the couplersare big,
the straight walk of the robot are stable, but when they
are small beyond a bifurcation point, the straight walk
becomes unstable.

4.3. Numerical analysis

We verify the liner analysis of 2-D model by the nu-
merical simulations.

Parameters are shown in Table 2. The nominal gait
pattern of the robot is set so that theleg 1 and 2 of each
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Figure 5: Trajectories of eigenvalues

Table 2: Simulation parameters

Mass of Body 0.60 | [kqg]
Length of Link 1,2 0.07 | [m]
Mass of Link 1,2 0.050 | [kq]
Nomina Time of the 0.2 [s]
Swinging Stage(Zs.,)
Nominal Stride(5") 0.05 | [m]

modules and the unilateral legs on adjacent modules
move out of phase each other.

First, we investigate the behavior of the robot when
the compliances of yaw joints of the couplers are in-
creased. The feedback gainsis changed by the param-
eter f. The nominal duty ratio 3 is set to be 0.6
The results are shown in Fig.6. This figure shows the
Poincaré sections of the relative angle 6,43 of yaw joint
of coupler 4 against the parameter 1/ 2. The sampling
time is a period of motion of the legs. Thisfigure in-
dicates that thereis a critical point and beyond that the
robot begins to snake its way. In this figure, vertical
lines of the each Poincaré sections are filled because
motions of the legs and the meandering of the robot do
not synchronize. This bifurcation does not depend on
the gait patterns of the robot; There existsasimilar bi-
furcation if the gait pattern of the robot is the pattern
where the leg 1 and 2 of each modules move in phase
and the legs on adjacent modules move out of phase.
Moreover , it is verified that the period of the meander-
ing motion of the robot is much longer, about 14 times
longer, than that of the leg movements.

Next, we compare the values of state variables of the
meandering motion obtained from numerical simula-
tions with the unstable eigenvectors of the linear anal-
ysis. Figures 7 and 8 show the amplitudes of the joint
angles and the phase differences of the joints with the
joint of module 6 against the parameter 1/f2. These
figures indicate that the results of the numerical simu-
lations and the linear analyses resembl e especially near
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Figure 6: Poincaré section of 643

the bifurcation point (arrow).

5. Turning walk
5.1. Turning strategy

Based on the results described above, we propose a
turning strategy as follows;

1. When the robot start to turn, the compliances of
all coupler except for coupler 2 areincreased, that
is, the gains of yaw joints of the couplers are de-
creased.

2. The control torques of yaw joints of coupler 2 are
activated so as to make first module face the di-
rection to turn.

In order to turn therobot, this control systemisto make
first module face the direction to turn, and as a result
the modules follow first module because they are pas-
sively connected to each other. It may be noted that,
at that time, the modules can turn with less constraint
forces because the robot hasless stability of the straight
walk.

5.2. Numerical analysis

We verify the effectiveness of the proposed control
strategy by the numerical simulations. A task is set
that the robot goes to a destination point. We assume
that the robot can get the information about the relation
between the destination point (x4, yq) in [a1] system.
The direction angle « for first module to turn is given
asfollows.

s Tq

¢=§—¢’ taﬂ¢=y—d

The control torque of yaw joint of coupler 2 isgiven as
Tog = —Kpog{fos — (613 — ¥)} — Kpasbas  (21)
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Figure 7: Amplitudes of joint angles

At that time, the compliances of yaw joints of the
other couplers are increased whereas the compliance
of yaw joint of coupler 2 is set to be constant. Numer-
ical simulations carried out as follows; when the robot
walks toward the direction of z-axis and first module
reaches the point (z,y) = (0,0)[m], the robot is to
turn almost perpendicularly by setting the destination
point (z,y) = (0, 50)[m].

Fig.9 shows the change of the direction of first mod-
ule for three kind of the feedback gains. Fig.10 shows
the average slippage of each legs to the ground against
the parameter f.

From these results, it is revealed that in the region
where the compliances are so small, that is, the feed-
back gains are so big, the modules can not follow first
module efficiently, slippage of the legs is so big, and
many modules are lugged. On the other hand, in there-
gion where the compliances are so big, that is the feed-
back gains are so small, the modules can follow effi-
ciently but because the meandering motion occurs, the
legs slip and the robot can not walk efficiently. When
the feedback gains are set to be just before the gainsin
which the straight walk of the robot beginsto be unsta-
ble the robot can walk most efficiently.
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Figure 8: Phase differences of joints with the joint
of module 6
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Figure 9: Walking direction of module 1 to inertial space

0.12

0.1 r N *

0.08 -

0.06 -

0.04 -

Slide Average [m]

0.02 - -

Figure 10: Average slippage of each legs

It is concluded that the robot can turn with less dip
to the ground by decreasing the stability of the straight
walk of the robot. It should be noted that this means
that the maneuverability is increased by the compli-
ance controls.
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