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SUMMARY

A mathematic model is developed for a quadruped walking
robot to investigate the dynamic stability considering all the
inertial effects in the system including those of legs. The
dynamic model is derived based on Lagrange's equation
using matrix-vector notations for the simpler expression.
Then an instant gait stability measure is proposed to apply
to dynamic gait as well as static gait. The gait stability
measure is obtained from the angular momentum of the
system about the supporting edges in the quadrupedal gait
of +x type. The validity of the gait stability measure is
examined along with the gait stability analysis for severa
representative gait parameters using the devel oped dynamic
model.

KEYWORDS: Quadruped walking robot; Dynamic model; Gait
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1. INTRODUCTION

The walking robots have been vigorously researched by
many researchers for the past three deacdes because of the
advantages of the superior moblity in irregular terrain and
the less hazardous influences on environment comparing
with the wheeled vehicle. There are three major types of
locomotion: static, quasi-dynamic and dynamic gaits. The
static gait is characterized by such a slow motion that its
dynamic effect is negligible during the locomotion while the
guasi-dynamic and dynamic gaits are fast and their dynamic
effects are significant. In determining motion, the static and
quasi-dynamic gaits have convex support areas or polygons
and their motions are determiend by kinematics while the
dyanamic gait has some periods having no support area
(dynamic supporting period with one or two leg support)
and its motion is determined by kinetics. It is assumed that
our walking rabot has no flight phase. If the duty factor of
agait is lowered to have longer dynamic supporting period,
the actual trgjectory may be far off from the desired one and
the robot may overturn. To prevent the robot from such
overturning, the stability of the gait should be secured.

For the static gait of quadruped walking robot, several
works were published regarding for gait stability indices.**
McGhee and Frank? defined the support polygon as the
convex hull of the supporting feet and the longitudina
stability margin as the shortest distance between the
projected center of mass of the system to the ground surface
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and the boundaries of the support polygon in the direction of
travel. Messuri and Klein® proposed the energy stability
margin (ESM) considering the minimum energy required to
tip the system over the edges in a support polygon. Nagy et
a.* extended the energy stability margin taking both the
swing leg and the terrain compliance into consideration.
And Zhang and Song® analytically investigated the stability
of wave-crab gaits of quadruped using the geometric
relationship between the projected mass center and the
supporting polygon based on the conventional static stabilty
margin.

For the dynamic gaits, few works were published not to
mention gait stability.*™ To show the physical admissibility
of a gait, the concept of zero moment point (ZMP) was
introduced by Vukobratovic and Stepanonko.® For the quasi-
dynamic gait. Yoneda and Hirose’ utilized the ZMP in
planning the trgjectory for the dynamic and static fusion gait
of a quadruped walking robot. And they recently proposed
the tumble stability criterion for a quadruped walking robot
utilizing the moment about the line segments formed by two
supporting feet.® Seo and Yoon® proposed the dynamic
stability margin of agait as the smallest magnitude of linear
impulse making the gait fail. Adachi et a." suggested a
condition for continuing the gait in the two-leg supporting
period using the kinetic energy of simplified inverted
pendulum model. Miyazaki and Arimoto™ pioneered the
stability of a biped locomotion by using the singular
perturbation method. Hurmuzlu and Basdogan® devel oped
a quatntiative measure to assess the dynamic stability of
human locomoation based on the Floquet theory. Lin and
Song™® defined a dynamic stability margin applicable to the
static gait using the resultant moment about the boundaries
of the support polygon. For the improvement of dynamic
quadruped locomotion, Sano and Furusho™ utilized the
quasi-angular momentum. Kimura et al.”® conducted an
extensive work regarding the dynamic gaits of a quadruped
robot.

Lots of dynamic models have been suggested for
quadruped walking vehicles and most of them are derived
based on Newton-Euler equation or the reduced-order
models. Though they may be advantageous from the
viewpoints of the computational efficiency and the magni-
fication on some physical behaviors, it is difficult in
implementing to the model some gait specific conditions
such as foot strike as well as the control schemes for the leg
joints. With the reduced order model, it may give incorrect
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simulation results by disregarding non-negligible factors in
the dynamic system. Hence, in our study, a full dynamic
model of a quadruped wlaking robot is developed. The
dynamic model is obtained analytically using the relative
joint coordinates for numerical efficiency.

Appropriate gait stability measure, however, does not
exist yet to check the stability for the dynamic gait at every
instant. Hence, in this study, we are going to present a
dynamic stability measure which is able to assess both the
ability to continue the designed dynamic gait and the
possibility of toppling over a support edge by using the
angular momentum about the edge at every instant of the
walking.

In Section 2, the dynamic model of the quadruped
walking robot is derived for the system shown in Figure 1.
The robot consists of trunk body and four legs each of
which has three actuated joints: two for hip and one for
knee. The dynamic model is formulated using Lagrange's
equation in vector form. In Section 3, the dynamic stability
measure using the angular momentum of the robot system s
proposed. And the simulation results and discussions are
presented in Section 4.

2. DYNAMIC MODEL OF QUADRUPED WALKING

ROBOT

In this section, firstly we apply Lagrange's equation to
derive the 18 equations of motion for the whole system
which has no constraint from the ground contact of the
supporting feet. The derived equation aso includes the
inertia effects of the legs; one leg mass of our robot model
amounts to 15% of the total mass (Table 1). We then
implement the kinematic constraints due to the ground
contact of the feet as a spherical joint and the ground
reaction forces are determined analytically. The collision
effect of the foot strike is considered in the last part of this
section.

2.1 Unconstrained equation of motion
All the bodies in the system are assumed to be rigid and the
system has the inertia reference frame {E} and the trunk

{B}

Az
y
I
E Leg3i E Legli
Leg4 Leg?2
X

Fig. 1. Schematic diagram for quadruped walking robot
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body fixed reference frame { B} as shown in Figure 1. For
convenience, the origin of { B} is set to the center of gravity
(CG) of the trunk.

Firstly the generalized coordinate vector g e R*® is chosen
as the 6 spatial coordinates of the trunk and 12 rotational
coordinates of the joint angles as follows:

q=[xs ¢ 61 6, 67 61" )

Here, Bryant angles are used to deSCI’I be the orientation of
the trunk and the relative joint coordinates are used for the
joint angles in each leg. The Bryant angles'® are defined as
successive three counterclockwise rotations about x-, y-,
and z-axes and are assembled in a vector ¢z=[¢y, by, bs.].
Time derivatives of the Bryant angles are also known as the
roll, pitch and yaw rates, respectively.

The Langrangian L of the system is

L=K—-P

v

[y

4
1 r T
MgXg XB+ w'g'l gwg+
2 i=1 j=

1 1
Cre T i I
{2m,-j Xg Xp+1 T +2%,'1, |+ 3 wi' | jw 2

where K and P are the kinetic and potential energies of the
system and my, my, 1’5 1), @5 and o'y are the mass
parameters, inertia tensors and angular velocity vectors of
the trunk body and the link j of the leg i, respectively. Here
the inertia tensor and the angular velocity vector of each
link in are evaluated initslocal frame. The vector r;; denotes
the position vector of the CG of thelink jinthelegiin{E}.
The mass, moment of inertia and the kinematic parameters
for the walking robot model are listed in Table I. The hip
locations with respect to { B} arelisted in Table 1.
Lagrange's equation of motion in a vector formis

d [ oL\T aL\T
i(ia) - () o o

where Q,. R is the nonconservative force vector applied
to the robot system. Then the equation of motion for the
unconstrained system is derived as the following matrix-
vector form:

M(a)§+h(a,9) = Qe (4)

where M e R™®® is the mass matrix, heR® is the force
vector containing velocity-dependent forces and gravita-
tional forces. The detailed terms are symbolically presented
in Appendix.

2.2 Implementation of kinematic constraints
In this section, the kinematic constraints due to the foot
contact with the ground are implemented to Equation (4)
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Tablel. Mass, moment of inertia, and kinematic parameters of robot model

Trunk Body Link1 Link2 Link3
m (Kg) 20.980 3188 3565 1.952
I, (Kg-m%) 1.450 0.0215 0.0442 0.0585
I, (Kg-m*) 2.725 0.0215 0.0442 0.0585
I, (Kg-m?) 3.725 0.0072 0.0127 0.0195
Length (m) 0.080 0.302 0.386
Distance of CG from the upper joint (m) 0039 0139 0.193

modeling the foot contact as a spherical joint connection.
Then the foot contact of a leg produces three holonomic
congtraints ®, e R® as

D, =Xp+1" (g, 6) —Xx"=0 )
where r? and x!” are the displacement vectors from the
origin of {B} and {E} to the foot contact positions of leg i,
respectively, both expressed in {E}. Then the total con-

straint equation with n, feet ground contacted can be written
asfollows:

®=[®] ... ®/]'=0 (6)

Differentiating Equation (6) twice with respect to time, we
can get the acceleration constraint equation as

D8 -0, q)=0 @)
where &, eR*™""* is the Jacobian matrix and ye R™, is the
velocity-dependent acceleration vector containing such as
the centripetal and Coriolis accelerations.

Equation (7) is appended to Equation (4) forming the
constrained equation of motion by introducing Lagrange
multiplier A as

}

3T

where AeR¥ is Lagrange multiplier vector which is
identical to the terrain reaction forces of the supporting
feet.

®)

2.3 Terrain reaction forces and generalized

nonconservative forces

In this section, the terrain reaction forces and the gener-

alized nonconservative forces are evaluated symbolically.
From Equation (6), the Jacobian matrix @, can be

partitioned as follows:

T
PD,= [(qu ce @n:qT} 9
Tablell. Hip locations of the legsin { B}
Hip locations
Hip 1 (0.287,0.17, 0)
Hip 2 (0.287, —0.17, 0)
Hip 3 (—0.287,0.17, 0)
Hip 4 (—0.287, —0.17, 0)
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Then Lagrange multiplier vector AeR*: can also be
partitioned as A=[A[ ... A,"]" where A,eR®.

The generalized nonconservative force vector Q,. can be
obtained using the principle of virtual work. The gener-
alized nonconservative forces acting on the walking system
may be categorized into three kinds: the actuating forces,
externally applied forces, and the frictional forces at the
joints. In thiswork, the acutating forces are the joint torques
and the external forces may apply to the trunk. However, the
frictional forces at the joints are not considered since their
effects are negligible.

Let’s denote the joint driving torquesin leg i as 7, and the
external force and torque at the trunk as f, and T,. Then the
virtual work done by the nonconservative forceis calculated
as

oW,.=Q,.8q

nc

4
=tTox,+ TTog,+ >, 750 (10)
i=1

Thus the generalized nonconservative external force vector
Q.. can be obtained as

Q.= T/ nnnl’ (11)

2.4 Foot strike

The colliding phenomenon occurring when the foot strikes
the ground is considered in this section. Without modeling
the collision at the foot tip, we found from our walking
simulation that the tip of the leg may be placed below the
ground surface which is not possible for the rigid ground
surface.

Assuming that the ideally plastic impact occurs between
the colliding foot and the ground surface instantaneously,
the collision can be modeled as the occurrence of instanta-
neous velocity change.'” Here the idealy plastic impact
means that the tip velocity of the colliding foot is vanished
right after the foot strike. Then from Lagrange’s impulsive
equation for a kinematically constrained system with the
assumption of ideally plastic input, a differential-algebraic
equation is obtained in the following form:®

M @ @i | (vq] [0
‘D, 0 0 Xy <o
‘D, 0 O X o[=ve

(12)

where the vector v e R* is the velocities of the n, colliding
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feet, ‘@, eR™'* and ‘@, eR**"* are the Jacobian matrices
of the originally contacted feet and the colliding feet,
respectively, A*'eR* and A°eR*- are the impact force
vectors of the originally contacted feet and the colliding
feet, respectively. The instanteous change of velocity due to
the callision of feet is determined as @*=¢~ +Aq where the
superscripts — and + represent quantities right before and
after the collision, respectively.

3. GAIT STABILITY MEASURE FOR QUADRUPED
WALKING ROBOT

Consider first the conventional stability measures.>>'* Most
of them take only the geometric consideration in evaluating
the stability measure not considering the motion of the robot
system and the swing leg to be supported neglecting the
kinematic states of the system which strongly relate to the
system’s stability. Thus their application is confined to the
static gaits only. And, here, we are proposing a gait stability
measure which can be applied at every instant of the
dynamic gait as well as the static gait considering the
current kinematic states and the effect of the swing leg to be
supported.

3.1 Angular momentum about support edge
Several physical quantities such as kinetic energy, linear and
angular velocities, angular momentum and moment about a
line could be considered for the gait stability. Among them
the angular momentum is a vector quantity containing both
inertial and motion parameters simultaneoudly. Even though
the kinetic energy and the moment of the system also
possess similar features, the directional information can
hardly be extracted from the energy quantity and the
moment of the system has difficulty in setting the reference
value of the system stability. The angular momentum of the
walking robot with respect to a ground point can be denoted
as a vector and its component along a support edge
represents the rotational tendency of the walking robot
about the supporting edge. The details are described in the
following.

Firstly the linear momentum L and the angular momen-
tum Hg about the CG of the trunk (the origin of {B}) are
calculated from the following equations,

4 3
L =muX,+ 2 2 mX,; (13)

i=1  j=1

4 3
Y E| ! !
(rl-j><ml-jxlj)+BR|:l W5+
i=1 j=1 i

(14)

where X; is the time derivative of the position vector from
the origin of {E} to the mass center of link j of leg i, and
ReR%*3 is the rotational transformation matrix from {B}
to {E}. The linear momentum and the angular momentum
of the whole system about the CG of the trunk in Equations
(13) and (14) are both expressed in {E} and also obtained
from the following relations,

https://doi.org/10.1017/50263574799001058 Published online by Cambridge University Press

Gait stability

oK \T oK \T
L=<. > HB=§R< ; > (25)
0Xp ow'y

where K denotes the kinetic energy of the whole system.
Based on Equations (13) and (14), an angular momentum
vector of the system with respect to apoint P on the ground,
Hy can be determined with a relative position vector rgp
from the point P to the origin of {B} expressed in {E} as
follows:

Hpo=H,+r %L (16)

Henceforth the calculating procedure for the angular
momentum about the edge formed by two feet in ground
contact is as follows: Consider a walking robot with a
supporting edge | formed by foot i and foot j both in ground
contact as shown in Figure 2. With the point P as a point on
the edge |, the angular momentum vector of Equation (16)
is projected to the edge | and we can abtain the angular
momentum component which can be interpreted as the
rotational tendency of the system about the edge as

H=(Hp+rgpxL)§ (17)

where & is the unit vector along the edge with positive
direction from foot i to foot j as listed in Table 11l to make
outward rotation. Then the unit vector is simply expressed
as

. X{ip _ X{ip
€= 7")(]{”) — X;.ip” (18)
i i

where x{” and x/” are the position vectors from the origin of
{E} tothefeeti and j expressed in { E} respectively.

3.2 Gait stability measure using angular momentum

In this section, a gait stability measure is developed utilizing
the angular momentum about the support polygon edges.
The support polygon may form a convex polygon or aline
in accordance with the number of supporting feet. Firstly,
restrict our consideration to symmetric, regular, periodic
gaits moving forward on the level surface. Secondly, the
swing legs are assumed not to cross the supporting legs so

CG Location of
the System
s

Foot i
(Point P)

Fig. 2. Supporting edges and CG of the walking robot
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Tablelll. Gait stability values for various supporting edges

Foot ID in an Edge

Edge Type : : Stability Measure for an Edge (S%,)
l |
2 1
. 4 2 l _ pgref __
Non-diagonal 3 P Sy=H;?—H,
1 3
CG has not I _ i — g
2-leg passed the edge Swy=min(H, = Hr%,
4 1 Support H—H)
Diagona
CG has passed I _ pymax _
the edge Su=H"—H,
3-leg Front Edge SL=H*—H,
3 2
Support Rear Edge S,=H%—H,

that forthcoming support polygon be convex. Also we
assume that the number of supporting legs is always more 12

than one having duty factor of 0.5<8<0.75. o s
We define the gait stability measure as the minimal one 5 10
e . . > b E— 1 — 8,/S,
among the stability values obtained with respect to all the g ]
edges in the support polygon at an instant as follows: § 05 M
Sy=min{Sy, I=1, ..., n} (19) =
3 064
Estimation of Fg
= q= .ll;::catii‘:mFomes E 0.4 4
I
;5 0.2
Kinematic 99| overse Forward Dynamic Analysis | 9 9 b
Analysis = Ey“:"“jc N lcl':[ > ‘é
nalysis eal ant [D 00 , . : :
0.0 0.2 0.4 0.6 0.8 1.0

Time Normalized by Gait Period

Fig. 5. Comparison of S, and S, for the static gait with 8=0.85,

/L 4 R=0.3m
4 -
r\zj:
Fig. 3. Block diagram for the feedforward control with PD for
quadruped walking robot 10
From Simulation (S,)
s e From Plan (5,
2
0 |
& ' !
v 20 e o
'—>| Inverse Kinematic Analysis w/ Command Inputs | .“ ~ t.
(’):E
l Expected Foot Force Evaluation via Pseudo-inverse Method | “% 15 -
wm
| Inverse Dynamic Analysis to Obtain Joint Driving Torqllesl “s 10
Cut the Supporting Condition g T
I Solve (8) for Acceleration and Foot Forces |<_ for the leg and E
Rearrange the Eq. of Motion (8) &
g 5 4
| Yes * =1
i i Negative Foot Forces’ &)

Impact Analysis 0 i T T ! T T
10 obtain Aq 0 2 4 6 8 10

Time (s)

No

I Proceed the ion for 4 and 9ia l

Fig. 6. Results of S, from gait plan and dynamic simulation for
Fig. 4. Flow chart for the simulation of gait dynamics B=0.65, R=0.3mand T=2s
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where n, is the number of edges in the support polygon and
Si, is the gait stability for the edge |. To obtain the gait
stability for the edge |, firstly the possible edges are
classified into two groups: the diagonal edges and the non-
diagonal edges. The non-diagonal edgeis defined as an edge
formed by one of 1-2, 24, 34 and 1-3 supporting foot
pairs where the number indicates the leg identification in

45

40 4

354

30 4

25 4

(Kg-m*/s)

20 4

S,

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Time (s)

(2) =0.85, T=4s

——— R=20cm

—0— R=22.5cm
—0— R=25cm

—&— R=27.5cm

—— R=30cm 3

(Kg-mzls)

vV

d
H

%

Time (s)
(b) £=0.65, T=2s

Fig. 7. Comparison of planned S, for various values of foot
stroke R

Gait stability

Figure 1. The diagonal edge is the one formed by either 14
or 2—3 supporting foot pairs. The gait stability value for the
non-diagonal edges is considered first in section 3.2.1, and
the one for the diagonal edges is considered later in section
3.2.2.

3.2.1 Stability for non-diagonal edges. For the non-
diagonal edges, the robot should not be tipped over with
respect to any of the edges since there is no other leg
available to stabilize the system. Thus the stability values
for these edges are defined as

Su=H}" — H, (20)

Here the reference angular momentum about an edge |, H{*
is defined as the minimum angular momentum to tip over
the edge assuming the whole system as a simple inverted
pendulum. The CG point of the system is determined as
follows:

4 3
MXp+ E E mX;;
=1 j=1
4 3
mg+ E z m
i=1 j=1

Now referring to Figure 2, the potential energy of the
system is calculated as m,,,0'X; Where the total mass of
the system, m,,, is equal to the denominator in Equation
(21) and g is the gravitational acceleration vector. The
maximum CG height is equal to |r .| cos ¢ where ¢ is the
angle between the edge | and the ground surface. For level
walking on a flat surface g=[00 g]” and ,=0. The vector
I, Which is orthogonal to the edge | is calculated as
follows:

(21)

XeG=

F can=" cay, — (M coi €8 (22)

where the vector r,,, denotes the position vector from the
point b to the point a expressed in { E}. Then the maximum
attainable potential energy of the system about the edgel is
Mytag|l con | COS .

Here, the energy stability margin by Messuri and Klein®
is determined as m,,,,(g|r ¢/ COS ¥ — 9'X) for the edge I.
This value is used to determine the magnitude of the

Table V. Overal gait stability for various foot stroke R

R (cm) 20
min{S%} 3.93
B=0.85 T
J Sedt  59.6
0
min{S%} 214
B=0.65 T
f Sedt 203
0

25 25 275 30

427 462 497 533
624 653 682 713
220 227 233 240
226 249 272 294
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reference velocity vector v, by using the concept of energy

. 1
conservation as follows; Mypr0(8IY e COS ¢ — O Xeo)=— 5m,(,m, vfef (23)

Then we can compute the magnitude of the reference
velocity as v,,= V2(g|r eyl COS $h — g'X ) Whose direction
isouter normal to the plane formed by the locations of foat,
i, j and the CG point of the system. Thus we obtain the
reference veloicty vector v, as

(Kg-mz/s)

Vyor= |:\/2(g I caif COS ¢ — gTXCG):| €. (24)

d
H

S,

where the unit vector &, is the direction of the reference
velocity defined as

Voo ¥ Ve, . .
T T - if z-component of r ., XTI, iS
0.00 0.25 0.50 0.75 1.00 3 IF gy X rCG,f,H positive i i

T ref — r con X r cor _ _
— " if z-component of r oz xT g IS

() $=0.85, R=30cm Mear*Tearl  negative
(25)

The statements in the right hand side of Equation (25)
designate whether the CG point has passed over the edge or
not; if the z-component of 1 ¢, x T ¢y, is positive, CG point
has not tipped over the edge yet. Using Equations (22) and
(24), the reference angular momentum about edge | is
computed as follows:

H7=(r cgux MM )€1 (26)

It isworth noting that the stability measure for the edgel, S,
is positive in the following two cases:

Case 1: The CG point of the whole system has not passed
over the edge and H, is smaller than H* so that the
system may not topple over the edge.

SHd (Kg-mz/s)

Case 2: The CG point of the whole system has passed over
the edge but the system is progressing in the stable
direction.

For Case 2, H¥ and H, have both negative values with H,

Fig. 8. Comparison of planned S, for various values of gait  having the larger absolute value than H¥. Thus the system
period T may not be turned over. Except these two circumstances S,

T

(b) f=0.65, R=30cm

Table V. Overall stability measure for various gait period T

(s) 3 4 5 6
min{S%} 581 533 504 485
3=0.85
T 1904 17.81 1652 1566
S4IT |dt
0
(s) 13 15 2 25
min{S%} 485 392 240 149
3=0.65

T 1996 1854 1473 12.24
S4IT |dr
0
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30 T T

No Sway

—0— Sway=5cm
—o— Sway=10cm

—a&— Sway=15cm

(X, g-mz/s)
&
1

T 10 A‘iw oodoss
5] N
0 T T T
0 1 2 3 4
Time (s)
@
3 1 3 1 1 3
@
W»\M\ = /k
2 4 4 2 4 2
State 1 State 2 State 3 State 4
(b)

Fig. 9. Planned gait stability (S¢) for various amplitude of sway
and initial states of each support polygon for 3=0.75

is negative meaning that the system is in a dynamically
unstable state.

3.2.2. Stability for diagonal edges. Now consider the
stability value for the diagonal edge formed by either 14 or
2-3 supporting. The diagonal edges occur when the
supporting legs are less than four and there are at least one
swing leg which may stabilize the robot motion. Then the
following four cases may describe al the possible occur-
rences in evaluating the stability value for a diagonal edge:

41

20 - '/[ P o
- ,]' .: bl
(= o = L R h
it 04 | 4
5 ——
3 e
< -204 J
£
Il; 40 - \ 4
o L%
—_ \\
= .60 ]
-]
a SH" ‘\.\
=80 J S.r.l I"\I_
100 : : i .
0.0 0.5 1.0 ] 2.0

Time (z)

Fig. 10. Overturning of the robot sway motion of 5 cm is given
(8=0.65)
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Case 1. Two-leg supporting period and the CG of the
system has not passed over the diagonal edge yet.

Case 2: Two-leg supporting period and the CG of the
system has passed over the diagonal edge.

Case 3. Three-leg supporting period and the diagonal edge
isin the front side of the support polygon.

Case 4: Three-leg supporting period and the diagonal edge
isin the rear side of the support polygon.

For Case 1, we introduce the maximum angular momentum
H™ about the diagonal edge as the angular momentum
about the edge | when the CG of the system isto move at the
maximum velocity of swing leg'stip as follows:

H = X My Vi )€ (27)
where v;* is the maximum velocity vector of the swing
35 T T
304
25 4
’:t 15
10
5-
0 T T T
0 1 2 3 4
Time (s)
(a) Static gaits (R=30cm, T=4s)
35 T T T T T

(Kg—mz/s)

s,

M T T T T
0.00 0.25 0.50 0.75 1.00 125 1.50
Time (5)

(b) Dynamic gaits (R=30cm, T=1.5s)

Fig. 11. Comparison of planned S, for various values of duty
factor B
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Table VI. Overal stability measure for various duty factor 8

B 0.9 08 08 0.75
min{S§} 637 533 425 157
Static & quasi-dynamic Gaits (T=4s)
T 8214 7126 5532 39.28
S4IT |dt
0
B 0.7 065 06
min{S%} 491 392 153
Dynamic Gaits (T=29)
27.80 25.27

T 29.24
ST |ar
0

leg'stip.
Then the stability value about the diagonal edgeis

.= min (H,— HY, H'" — H,) (28)

By aheuristic judgment, we may say that the gait fails when
the CG of the walking robot advances faster than the swing
leg. Note that the first term in the parenthesis of (28) implies
the capability of passing over the diagonal edge and the
second term gives the excessiveness of the system's
momentum compared with the swing leg speed.

For Case 2, we define the stability value as

Sy=H;"* — H, (29)

In this circumstance, the system is just waiting for the foot
of swing leg to reach the ground and the CG of the system
should not move faster than the swing leg so as not to
stumble.

For Case 3 thereisaswing leg in the front of the diagonal
edge. To prevent the system from stumbling over the
landing foot, it is desired that the tip of swing leg steps
forward sufficiently faster than the advance of CG of the
system. Thus the stability measure in this case is defined
similarly to Case 2 as

Sy=H ~ H, (30)

For Case 4, it isdesired that the CG of the system should not
be turned over the rear diagonal edge in the gait moving
forward. Thus the stability value for this circumstance can
be defined as follows:

Su=H,"—H, (31)

In Equations (28) through (31), procedures for evaluating
H; and H, for adiagona edge | isidentica to those for the
case of the non-diagonal edges.

Now we have formulated the stability values based on
angular momentum about all the possible edges for the
guadrupedal gait. The stability values for al the possible
edges are summarized in Table |11. The stability values for
al the supporting edges at an instant calculated from
Eugations (20), (28), (29), (30) and (31) are substituted into
the right-hand-side of Equation (19) and the gait stability
measure at the instant is cal culated.

It is worth noting that for the wave-crab gaits the front
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direction is determined from the crab angle® « and the term
front and rear we used above can aso be designated in
accordance with the crab angle. Thus the gait stability
measure for the wave-crab gait can also be obtained. The
crab angle is defined to be the angle from the longitudinal
body axisto the crab axis (the moving direction of the wave-
crab gait) measured in counterclockwise direction.

Also it should be noted that the proposed stability
measure and the energy stability margin (ESM) by Messuri
and Klein® commonly uses the maximum attainable poten-
tial energy which comes from a simple inverted pendulum
model by ignoring the variation of the joint angles of the
legs, but the proposed one differs from the ESM in utilizing
this static quantity to evaluate the stability value for each
supporting edge considering that the proposed one uses this
static quantity to obtain the reference velocity vector for an
edge from Equation (24) by using the concept of energy
conservation, which is used to evaluate the reference
angular momentum about the edge |, H¥ as shown in
Equation (26). Then this value is subtracted by the angular
momentum about edge | H,, to find the stability value as
Equation (20). Here, H, contains the motion parameters such
asjoint angle variations seeing that H, is defined as Equation
(17). Thus, the proposed measure al so takes kinematic states
of the system into consideration. In contrast, the ESM
considers the maximum attainable potential energy itself to
be the stability value about an edge being considered
without including the kinematic states of the system. And
the measure suggested by Nagy et al.* considers the swing
leg’s position neglecting the kinematic states of the system
into acocunt.

For the tumble stability criterion by Yoneda and Hirose,®
since they utilized the moment of the robot system about
only the non-diagonal edges defined in Section 3.2, the
tumble stability margin does not give the gait stability
during the two leg support phase with diagonal edges. But
the tumble stability margin may be stated as a dynamic
stability measure since it gives the stability measure for the
case of two leg support phases with non-diagona edges,
which the conventional static stability margin does not. And
the dynamic stability measure proposed here gives the gait
stability value at every instant of any circumstances the
walking robot may confront.
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4. RESULTSAND DISCUSSIONS

In this section, gait stability analyses are performed to show
the validity of the proposed gait stability measure for both
dynamic and static gaits. Also the relationship between the
gait stability measure and several gait parameters is
investigated. In this study, the +x type gait from the gait
classification by McGhee and Frank? is mainly taken into
consideration for demonstrating the results since the gaits of
the +x type are adequate for attaining the forward walking
gaits including the dynamic gaits of trot type by tuning
several gait parameters. The +x gait is characterized by its
leg swing sequence and the sequence is one of 4-2-3-1,
2-3-1-4, 3-1-4-2, and 1-4-2-3.

4.1 Smulation results for the static and dynamic gaits

For the static gaits, the kinematic and inverse dynamic
analyses may suffice for observing the gait stability with the
CG of the system lying within the support polygon. For the
dynamic gaits, however, it is required to perform the
dynamic analysis to check the gait stability.

In dynamic simulations, the feedforward control with PD
which is a family of the computed torque control is adopted
to control the leg joints since the control scheme shows
better control performance requiring the smaller joint
torques than the simple PID control without feedforward
term. Block diagram of the control scheme for a quadruped
walking robot is presented in Figure 3. The position gain
parameter k, is chosen to be an adequate value keeping the
system stable as well as giving small errors in joint angles
and the velocity gain parameter k, is chosen to have critical
damping feature; k,=700 and kV=2\/FP. The pseudo-inverse
method is adopted for estimating the terrain reaction forces
which is required for the feedforward joint torque values.
The result from the pseudo-inverse method agrees well with
the foot forces from Equation (8). The overall procedure for
gait dynamic simulation is shown in Figure 4.

Figure 5 shows the comparison of the conventional gait
stability margin S, and the proposed stability measure S,
for one period of static wave gait having the duty factor
£=0.85, the foot stroke R=0.3m and the gait period T=4s
without sway motion of the turnk. The sequence of the leg
swing for this static gait is 4-2-3-1. The gait velocity V, is
obtained from the relation

R

Vg = ﬁ (32)

The conventional stability margin is defined on the ground
as the shortest distance between the vertical projection of
CG and the boundaries of the support polygon.” Here the
center of pressure, instead of the CG of the system, is used
in evaluating S, since the center of pressure expresses the
dynamic state of walking robot better than the center of
gravity of the system. In Figure 5 both S, and S, are plotted
after normalized by their maximum values. It is seen that S,
and S, have similar patterns over a gait period but S, has
mostly higher values in three leg supporting phases having
the front diagonal edge. This feature results from taking the
swing leg into consideration, that is, there is a swing leg in
front of the diagonal edge as stated earlier for Case 3 in
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Section 3.2.2. Here we suppose that an edge is defined to be
active when the stability value for the edge is smallest
among the stability values for al the edges in a support
polygon at an instant. In case of three leg supporting phases
having the front diagonal edge, the stability value about the
diagonal edge becomes active, thus the stability value about
the diagonal edge from Equation (30) becomes the gait
stability measure for this circumstance according to Equa
tion (19). In Equation (30), the stability value for a diagonal
edge is defined to be the subtraction of the angular
momentum of the system from the maximum angular
momentum since the system’s angular momentum should
not be too excessive so as not for the system to proceed its
movement before the forthcoming support leg, which is the
swing leg at the moment, reaches the place at whch the
swing leg will contact the surface ground.

It should be noted that the primary difference between the
proposed stability measure and the conventional static
stability measure comes from whether the motion of the
robot system is taken into consideration or not. We defined
the dynamic stability measure considering the robot's
motion based on the angular momentum which the robot
system possesses at an instant, but the conventional static
stability margin is defined geometrically considering the
distance between each support edge and the projected mass
center. And it should be noted that the similar feature
between S, and S, results from that the active edge is
identical to each other at every instant over the entire period
of this static gait.

In Figure 6, the gait stability measures for the planned
gait (S%) and the dynamic simulation (S,) over the five gait
periods are shown for the dynamic wave gait of 8=0.65,
R=0.3m, and T=2s with 1-4-2-3 leg swing sequence
without sway motion. The simulated result shows the
periodic feature and mostly follows the planned one and it
is worth noting that the gait stability is not able to be
assessed for the gaits having 8<0.75 with the conventional
static stability margin since there are some phases having
the dynamic support (two leg support).

4.2 Relationship between gait parameters and gait
stability measure
Several aternatives are possible for describing the overall
gait stability measure for a given gait. In this study the
minimum value and the integrated value of the stability
measure for one gait period are chosen as the possible
candidates of the overall gait stability measure.

McGhee and Frank shows in their work that the
longitudinal stability margin sis’

3
s=<1 _4,3>R (33

Equation (33) states that the gait stability increases
accordingly with the larger foot stroke and duty factor.
Kimura et a. demonstrated with their theory and the
walking experiments that the shorter a gait period is, the
more stable the quadruped is in the dynamic gait.®

Figure 7 shows the gait staiblity measure over one gait
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period for the various foot stroke R. For the static gaits, the
overal gait stability measures increase accordingly with the
larger foot stroke values, which agrees with McGhee and
Frank’s work. For the dynamic gaits, there are similar
charactreristics to the static ones but differences of the
overal gait stability measures for varying the foot stroke are
not as much asfor the static gaits (Table IV). Figure 8 shows
the relationship between the gait stability measure and the
gait period T. It is observed that shorter gait period increases
the gait stability measure both in static and dynamic gaits
(Table V) consistently with the result of Kimura et a. The
feature can be explained from the fact that faster gait
velocity of Equation (32) from shorter gait period makes the
swing leg's foot move faster so that the gait stability
measure for the front diagonal edge in Equation (30) may
become larger. This kind of improvement in gait stability
can be achieved by enlarging the foot strike time margin
suggested by Seo and Yoon.®

The gait stability measure also can be varied when the
sway motion of the turnk body is considered. In this study,
the sway motion is modeled as a simple sinusoida
trajectory of trunk motion in the lateral direction. Figure 9a
shows the results with B=0.75. Increasing the sway
amplitude changes the gait stability measure but not in a
monotonic way. This results from the fact that the stability
value for each edge formed by 1-3 or 2—4 footing becomes
small while increasing the sway amplitude (Figure 9b). For
dynamic gaits with intentional sway motion, it is shown that
the robot may be out of its regular step since an excessive
sway motion induces large lateral oscillation resulting in
overturning as shown in Figure 10. It is worth noting that
even though no sway motion is intended at the planning
stage of the dynamic gaits of 5<0.75, the system suffers the
same sway motion during the dynamic support period. Thus
the intentional sway motion in the planning of the dynamic
gaits may not improve the gait stability easily asin the case
of static gaits.

It is commonly known that the gait stability increases as
the duty factor gets larger. This fact can aso be shown in
Figure 11 and Table VI, for both the static and dynamic
gaits. The gait period of the dynamic gait is lowered to 1.5
seconds since the higher gait period makes the gait less
stable. The lower peak which emerges when 8=0.75 is due
to the undesired two-leg supporting period of Case 1lin
Section 3.2.2.

5. CONCLUSIONS

In this study, a dynamic model of quadruped walking robot
have been derived mathematically using Lagrange's equa-
tion. Then a gait stability measure is proposed based on the
angular momentums about al the edges in a support
polygon to assess the stability of the dynamic gaits as well
as the static gaits at each instant. The gait stability of the
dynamic and static gaits of +x type is investigated
successfully varying several representative gait parameters.
The proposed gait stability measure can be utilized in
designing the optimal trgjectory of the quadrupedal walking
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gaits and aso be extended to other multi-legged walking
robots such as haxapod walking robots.
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APPENDIX DETAILED TERMSIN THE DYNAMIC
MODEL

The 18x 18 mass matrix M and the 18x 1 vector h in
Equation (4) are
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(S o S S zus zw, zus
i i
3
j=1 j=1 j=1 j=1
3
2'*@ 0 0 0
-— =1
M(a)= '

(Sym.) 2 1% 0

h(a, @)=[h; hg hg, hg, hg hg, 17 (A1)
All the coefficient matricesin (A1) are R*** defined as

3

4
s=As AL+ E E < —mAyEFAL*Q; ;JQU)
j=1

i=1

l=m,3,73,+R, /R,

K#=—mREA,
Li=m R,
Pi=m,A,'§,;+Q, IR, (A2)

The superscript * is used to denote the corresponding
matrices to the mass matrices.

The vectorsin (A1) are dl in R® defined as

:|: mzl le Kjl;:|¢3 2|: ELU]G M9

i=1

ol
¢B s

h,= i*d
o= Vb= &y,

2 Z[K*TXB—XB "¢B +Pi,

i=1 j=1

,oL% aER
— X5 1 0,—
OFTY “b/ ach "9 ey

3

1 al% o
==&} aefd’” E[L:!;Txgw;*f +|;*;9,]

j=1

[} i aij
_ zl: J J¢B 801

z/ _ TE, S,,
¢B 9 myg R 20, ] (A3)
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The matrix A, is akind of transformation matrix from the
time-derivative of Byrant angle ¢ to the angular vel ocity of
the trunk body w}, expressed in { B} as

0;=A,b;

cos ¢y, cosdy, singg, 0
— cos ¢y, singy, cospy, 0
singy, 0 1

N (A%

Bryant angles are adopted for the rotational motion of the
trunk body is &= (s, ¢s, Ps. )" representing theroll, pitch,
and yaw angles of the trunk. The vector s; is the position
vector of the CG point of link j in leg i in {B}, thus the
relationship between S and r;; appeared in Equation (2) is
r;=sRs;. Thematrix §; denotes the dual matrix of the vector
S;- The matrix ’R isthe transformation matrix from {B} and
{ E} which is written in terms of the Bryant angles as
— cospsingy, singy,
coS ¢y cOS Py,

— Singy,Siny,sin gy,
singy,cos ¢y,

+cos ey singy,singy,

oS ¢y,coS Py,
cosg,singy,
o | tSinggsinggcosdy,
BT singy,sindy,
— oSy, Singp,cos dp,

— Singy,cos ey,
coS g, coSPy,
(A5)

The matrices Q;; and R;; are defined to describe w;; which
is the angular velocity of thelink j inlegi asfollows:

Q= ijTA
Ril =Cl

R,=5R'C,+C,

R;=3R'C,+3R'C,+C,; (A6)
where R implies the transformation matrix from the body
fixed coordinate of the link 2 to that of thelink 1 bothinleg
i. The matrix C, (k=1,2,3) are the constant coordinating
matricesfor the k-thjoint in aleg. Thejoint arrangement has
x-y-y rotation sequentially from the top as shown in Figure
1. In this case, the matrices C,, C, and C; are defined as

100 000 000
c,=|loo00 [ c,=|l010]| Cc,=[ 001
000 000 000

(A7)

Introducing these coordinating matrices, it is possible to use
the relative joint coordinates. The angular velocity of link j
inlegi, w; can be obtained as

0}=Q;b;+R,0;

Note that the body fixed coordinate of link j in leg i is
located at the CG of the link with the initial orientation
identical to that of {B}. The matrix J; is the Jacobian
matrices obtained from the following relation,

(A8)

3,25

= A9
g 60, ( )
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