Dynamics of a Multi-Legged Locomotion Robot
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Abstract: In this paper, first, stability of locomotion of the multi-legged locomotion robot along
a straight line is analyzed, and then, based on the dynamic characteristics, a turning strategy is
proposed. The effectiveness of the turning strategy is verified by the numerical simulations.
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1. Introduction

Locomotion 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 are 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 loco-
motion robot. Now the established method to control a
robot consists of motion planning and motion control.
Motion planning is to compute the motions 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 de-
signed motion. Motion planning of the turning walk of
a multi-legged locomotion robot is to compute the po-
sitions 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 environment.

In ethology, research on arthropod locomotion is pro-
gressed. Arthropod locomotion has much stability and
also maneuverability such as quick turning. Now, re-
search is focused to reveal what mechanism of arthropod
can make the locomotion stable and maneuverable.")
Schmitt?, 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 acts and this, in turn, can make the cockroach
turn quickly.

In the preceding researches, there is little research of
locomotion to enhance the maneuverability of motion

of a robot by changing the dynamic characteristics of
the robot. This paper deals with turning strategy of a
multi-legged locomotion robot. We propose the control
strategy for the robot so as to realize to turn efficiently
by decreasing the stability of the straight walk of the
robot. We have already proposed the locomotion con-
trol system of a multi-legged locomotion robot using
oscillators. In this paper, the robot with this control
system is subject of investigation. 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 parameter, 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 loco-
motion 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 inertial fixed coordinate system is

defined as [ag] = [ao1, @o2, @o3]. The coordinate sys-
tem fixed on the body of first module is defined as
[@1] = [a11,@12,a13). 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 i, as shown in Fig.1l. Left and right legs are



numbered as leg 1 and leg 2, respectively. The joints
and the links of each leg are numbered as joint 1 and 2,
and link 1 and 2 as shown in the figure. The position
vector from the origin of [a¢] to the origin [a4]is defined
as g = [ag]ro. We define 6; as the components of 3-1-2
Euler angle from [a;—1] to [a;], and define 9%) as the
joint angle of link & of leg j of module <.
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Fig. 1: Schematic model of multi-legged
locomotion robot

The state variables are defined as follows;

" = [ Tom Oim O, ] (1)
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Equations of motion for state variable ¢ are derived
using Lagrangian formulation as follows;

Mg+ H(q, ¢ G+Z Tz—l-T(J) (2)
where M is the generalized mass matrix. H(q, ) is
the nonlinear term which includes Coriolis forces and
centrifugal forces. G is the gravity term. 7; and Ti(]g)
are the input torques of the actuators at coupler i and
joint k of leg j of module 7. A is the reaction force from
the ground where the tip of the leg makes contact. The
reaction forces are modeled using a spring and damper
model.

3. Control system of locomotion®

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 commanded
by the gait pattern controller. The gait pattern con-
troller involves nonlinear oscillators corresponding to
each leg. It receives the commanded signal of the nom-
inal gait pattern as the reference, and generates a gait
pattern which is served to the leg motion controller as
the commanded signal.
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Fig. 2: Control system of locomotion

The nominal trajectories of the tips of the legs are de-
signed as follows; 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 sup-
porting stage to the swinging stage as the posterior ex-

treme position (PEP). The nominal PEP and the nom-

inal AEP are expressed as 771(?3) , 771(1‘) in the coordinate

system [a;]. The nominal trajectory for the swinging
- (9)

5 Which involves

stage is designed as a closed curve 7,

79 and 771(?3) , and the nominal trajectory for

~(4)
iSp

the points 7);
the supporting stage is designed as a straight line 7

which also involves the points 7 A(] ) and 771%) . Then, these
trajectories are given as functlons of the phases of the
oscillators. The state of the oscillator (2, ), oscillator
on leg j of module i, is expressed as follows;

29 = exp(jo) (3)

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

namics of the oscillator as
. (4)
i

= (4)

~(4) ~(4)

The nominal trajectories 7, and 7, 5p are given as

functions of the nominal phase ¢§] ) of the oscillator as
e = L0 (5)
%, = a6 (6)

where the nominal phases qgij ) of the oscillator (i,7) at
AEP and PEP are determined as follows;

We use one of these two trajectories alternatively to

at AEP, ¢Y) =0 at PEP (7)

generate the nominal trajectory 7 A(] ) of the tip of the leg
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Fig. 3: Nominal trajectory of the leg

as follows(Fig.3);
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The nominal duty ratio BAz(J ) of leg 7 of module 7 is the
ratio between the nominal time for the supporting stage
and the period of one step of the nominal locomotion,
which is given by

o
2

5 =1 (9)

Then, the nominal stride S’f] ) of leg j of module 7 and
the nominal locomotion velocity © are given as follows;
A3) &)
o0) _ 20) _ A s L= B 5
Sz’ =M1 Nip1y V= Bij) TSw (10)

where T, is the nominal time of the swinging stage.
The nominal angle éz(i) of joint k of leg j of module 4

is written as a function of nominal phase qgij ) as follows;

o =0 (6”) (11)

The commanded torques at each joint of the legs are

designed using the nominal angle 9%) as the commanded
angle as follows;

. N . N () L
Ti(lg) = Kl(gi)k(ez%) - 9%)) + K(D]i)k(eik - 91%)) (12)

where Ti(]g ) is the actuator torque at joint k of leg j of
module ¢, and Kl(gi)k, ng)k are the feedback gains.
On the other hand, the commanded torques at each

joint of the couplers are obtained as follows;

7 = —Kpii — Kpi0; (13)

where 7; is the actuator torque at coupler i, and
Kp;, Kp; are the feedback gains.

4. Straight walk

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

4.1 2-D dynamics model

First, it is assumed that the robot walks with a gait pat-
tern 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 short 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 rotational joint, and can move only in a plane. As
propulsive forces, the constant follower forces parallel
to the walking directions of each modules act on the
modules. As friction forces, the forces tangential to the
walking directions of each modules act on the modules
and the magnitudes of the forces are proportional to the
velocities of these directions.
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Fig. 4: Simplified model of multi-legged locomotion
robot

From these assumptions, Eq.(2) is simplified as fol-
lows;

T

q ro2, Oi3] (i =

where the state variable of the walking direction, g1, is
contracted because it is separated from the other equa-
tions. By putting ¢7 = [¢T,¢"'] Eq.(14) becomes as
follows;

A€ = b(E) (15)

ag=| MO Yo=K ] B0

4.2 Linearized equation and its stability

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

{ Ae) + PA© ob(€)

5 5065}65=b<§o>+8—§ 5 (16)
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where £ = &y + €. It is linearized as follows;

. ob(e)
A(&)oE = —=| ¢ 17
(§0)d¢ P |, 3 (17)
Since A(&p) is regular, Eq.(17) is rewritten as
. b
=W Wie) - 52| ay)
o
We select §o = [yvéiayve’i] = [0,---,0] (Z = 1?"'56)

as the equilibrium solution in order to analyze the sta-
bility of the straight walk. Parameters are shown in
Table 1.

Table 1: Linear analysis parameters
Mass of Module 0.80 | [kg]
Follower Force(F) 3.32 [N]
Locomotion Velocity(&) | 0.167 | [m/s]

First, we investigate the stability of the straight walk
when the compliances of yaw joints of the couplers are
increased. The feedback gains is changing by using the
parameter f where parameter ( is set to be 0.8.

KPi - K (27Tf)2 = I
{ Kpi = 2}0(0g(27rf) (i=2--,6) (19)

The trajectories of the eigenvalues of the linearized
Eq.(18) is shown in Fig.5. From this figure, it is re-
vealed 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. In the figure, the points enclosed by circles cor-
respond to the eigenvalues when the bifurcation occurs.
From this analysis, it is revealed that when the feedback
gains of yaw joints of the couplers are 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 numer-
ical simulations.

Parameters are shown in Table 2. The nominal gait
pattern of the robot is set so that the leg 1 and 2 of each
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 gains is changed by the param-
eter f. The nominal duty ratio Bij) is set to be 0.6.
The results are shown in Fig.6. This figure shows the
Poincaré sections of the relative angle 6,3 of yaw joint
of coupler 4 against the parameter 1/f2. The sampling
time is a period of motion of the legs. This figure in-
dicates that there is a critical point and beyond that
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Fig. 5: Trajectories of eigenvalues

Table 2: Simulation parameters

Mass of Body 0.60 | kg
Length of Link 1,2 0.07 | [m]
Mass of Link 1,2 0.050 | [kg]
Nominal Time of the 0.2 [s]

Swinging Stage(T’s.)
Nominal Stride($Y)) | 0.05 | [m]

the robot begins to snake its way. In this figure, verti-
cal 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 exists a similar 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 simu-
lations 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 resemble especially near
the bifurcation point (arrow).

5. Turning walk

5.1 Turning strategy

Based on the results described above, we propose a turn-
ing strategy as follows;

1. When the robot start to turn, the compliances of
all coupler except for coupler 2 are increased, that
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Fig. 7: Amplitudes of joint angles

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 direc-
tion to turn.

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

5.2 Numerical analysis

We verify the effectiveness of the proposed control strat-
egy 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 v for first module to turn is given
as follows.

v=g-0 tmo=t (20)

The control torque of yaw joint of coupler 2 is given as

Tag = —Kpas {0z — (613 — 1)} — Kpasbas (21)

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. Numerical
simulations carried out as follows; when the robot walks,
the robot is to turn almost perpendicularly by setting
the destination point (z4,ya) = (0, 50)[m].

Fig.9 shows the change of the direction of first module
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 feedback
gains are so big, the modules can not follow first mod-
ule efficiently, slippage of the legs is so big, and many
modules are lugged. On the other hand, in the region
where the compliances are so big, that is the feedback
gains are so small, the modules can follow efficiently 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 gains in which the
straight walk of the robot begins to be unstable the
robot can walk most efficiently.

It is concluded that the robot can turn with less slip
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 compliance
controls.
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Fig. 8: Phase differences of joints with the joint of
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Fig. 9: Walking direction of module 1 to
inertial space
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