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ABSTRACT

0 The legged robot was expected to be an environment accessible platform be-
cause of its environmental adaptability and characteristic of the movement in any
decided direction. With their high adaptability to the environment, legged robots
have been considered for a wide variety of applications outside their traditional
factory setting. Those applications often require life saving in a disaster stricken
district, operation in a construction field, etc. With consideration of stability and
energy consumption, the quadruped walking robot will be one of the most prac-
tical locomotion machines to move about on uneven terrain and is stablest while
walking in static state. Quadruped robots have advantages over wheeled robots in
walking on an irregular terrain and walking into any direction.

Researches on quadruped robots have been widely carried out, and studies of
quadruped gaits can be divided in two parts according to the nature of the stability,
static stability or dynamic stability. Static stability assumes that the vertical pro-
jection of the center of gravity (COG) remains always inside the stability polygon
with an adequate stability margin during all phases of movements. The stability
margin ensures that whatever speed the robot can reach it will not be carried
away by its own momentum and consecutively tip over and fall down. Fukuoka
et al. realized dynamic walking of a quadruped robot on irregular terrain using
a neural system method. However, the robot should rather aim for high stability
than achieving high speed when the task is conveyance. In this study, we focused
on the static walking of a quadruped robot for its static stability. This must be
important for the case of considering the carriage of heavy goods. Note that the
static stability assumes that the vertical projection of the COG remains always
inside the stability polygon with an adequate stability margin during all phases of
movements.

The crawl gait introduced by McGhee appeared to be very close to the walk
widely seen in mammals at low speed. For the robot to perform movement in any
decided direction, Hirose et al. extended the crawl gait to a standard side-walking
gait. Hirose also introduced rotation gait that gives the maximum angular velocity
around any turning center. For increasing stability, Tsukakoshi et al. proposed
the intermittent crawl gait and Konno et al. proposed an adaptive intermittent
crawl gait. Because of the zigzag trajectory or 4-leg support period used by a
quadruped robot on a slope, its motion speed is generally slow. Moreover, the
semi-autonomous walking of a quadruped robot based on leg transition at the
border of the leg work space has been proposed, and the gait-transitions between
forward, backward, left and right turning and rotation motion have been discussed
in cooperation of sideways motion of body. However, the omnidirectional static
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walking has not been perfectly performed by the former algorithms.

For the robot to perform its movement in any decided direction, we have dis-
cussed the successive gait-transition method for a quadruped robot to realize om-
nidirectional static walking on horizontal plane among the crawl gaits and the
rotation gaits. It successively performed gait-transition stably and continuously
with the least number of steps using the common foot position (CFP: a leg position
common to two gaits before and after gait-transition). The gait transition tech-
nique chooses the crawl gait or rotation gait from the turning center and transfers
a gait from one to another continuously when changing the turning center. How-
ever, applicable environment for the method was restricted to horizontal plane
only, and therefore, the quadruped robot could not exhibit high adaptability to
environments. Here, we have considered an extension to the omnidirectional static
walking on a slope. When we think of walking on a slope, it is required to keep
the body posture horizontal when the task for the robot is conveyance. But in
such case, there will occur a problem that the leg movable region becomes narrow
and the moving speed will become slow. In order to improve the moving speed of
robot, we discussed the body posture with the largest leg movable region. That is
the body posture paralleled to the slope. However in this case, it is necessary to
shift the CFP to perform the successive gait-transition. The available leg movable
region will become narrow, and therefore, moving speed also decreases. Due to
this reason, it is necessary to discuss the relation between the moving speed and
the body posture, and derive the body posture that gives the fastest moving speed
on a slope.

Moreover, we have discussed the optimal body postures of a quadruped robot
to perform omnidirectional static walking on a slope. The optimal body posture
is the posture with the maximum possible moving speed w.r.t. slope and moving
direction. For crawl gait, we derive the optimal body posture for specified moving
direction and the arbitrary direction. For rotation gait, we derive it from rotation
on the spot. By combining them, the omnidirectional static walking with the op-
timal posture can be realized. In these researches, the height from the center of
gravity to slope (height of COG) to the slope was restricted to a fixed value. How-
ever, it was not used effective in improvement in motion speed, and improvement
in stability by changing the height of COG positively by enlarging the leg movable
region or making small the amount of shifts of CFP. Igarashi et al. proposed the
trajectory following gait in which a robot changes its body posture or the height
of COG to avoid obstacles. However, the integration-research of improvement in
stability (1), maximization of moving speed (2), and realization of omnidirectional
static walking (3) by changing the height of COG or the body postures positively
was not discussed.

In this paper, we propose a method for quadruped robots integrating (1) static
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walking with high environmental adaptability, (2) omnidirectional movement (3)
successive gait transition, (4) the fastest motion speed, and (5) stability. We
discuss COG-correspondent optimal body postures (COBP) of a quadruped robot
corresponded with optimal height of the COG while performing omnidirectional
static walking on a slope. The COBP is the posture where the motion velocity
is maximized corresponding to the height of COG considering stability, w.r.t. the
slope and moving direction. Successive gait transition with a minimum number
of steps is realizable using common foot position before and after gait transition.
The time required to transit between gaits is reduced by carefully designing foot
position in crawling and rotating while limiting foot reachable region on a slope.
The robot thus walks into any direction fastest and statically with COBP based
on dynamically changing height of COG and body posture during gait transitions.
By the proposed method, the quadruped robot could move without stopping in all
directions with COG-correspondent optimal body postures on a slope. Through
walking experiments by computer simulation, the validity of the proposed approach
has been verified. The stability has also been confirmed in the computer simulation
in gait transition by a measure of static stability margin.

The first chapter expounds the contents of the background, objectives and layout
of the dissertation.

The second chapter describes the realization method of the omnidirectional
static walking in the level surface and how to realizing this method on a slope
with specified height of COG and body posture. Since the omnidirectional static
walking with specified height of COG and body posture on a slope is realized,
enabling us to consider the influence on motion speed and stability.

The next chapter introduces a search method of the optimal body posture that
gives the fastest motion speed on a slope, A method of successive gait-transition
with optimal body posture is proposed.

The next chapter proposes an average value of the stability margin in 3-leg
support period using normalized energy stability to consider an improvement in
stability by changing the height of COG. It is the most desirable stability criterion
for a quadruped robot walking on a slope proposed by Hirose et al. This chapter
also discusses the COBP and a method of performing a successive gait-transition
on a slope with the COBP. To solve the optimization problem of the COBP, which
poses a nonlinear-with restrictions optimization problem in consideration of stabil-
ity the successive quadratic programming (SQP) is used, which is a typical method
for nonlinear optimization problem with constraint. The proposed method based
on dynamically changing height of COG and body posture during gait-transitions
that is used to maintain high robot motion velocity and stability on slope. So that
the robot can move into all direction speedily, statically and continuously with a
minimum number of steps through common foot position (CFP) design.
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In the last chapter, computer simulations and experiments demonstrate the va-
lidity of the proposed methods. Using proposed methods, a quadruped robot can
realize the omnidirectional static walking on a slope with COBP that maintained
the stable and maximum moving speed successive. The moving speed and stabil-
ity can be kept remarkably high in omnidirectional static walking on a slope, in
comparison with current research.
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B) TITAN-III C) TITAN-IV

Figure 1.1: The robots A) TITAN-II, B) TITAN-III, C) TITAN-IV
developed by Hirose Lab. Tokyo Institute of Technology
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Figure 1.2: The robot [J tekkenl] developed by Electro-Communications
Univ. Kimura Lab

Figure 1.3: The robot [0 MrWallSpextIII[] developed by Sungkyunkwan
Univ. of Korea

A) The robot Warp1 B) Warpl on a balance board

Figure 1.4: The robots 0 Warpl1U developed by Royal Institute of Tech-
nology, KTH of Sweden
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Figure 1.9: Pace gait (5=0.5)
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Figure 1.13: Foot trajectories, model dimensions and parameters of

standard circular gair

Figure 1.14: Rotation gait (5=0.75)
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Figure 1.17: Control system of the walking robot
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Table 1.1: Movable region of joint
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Figure 1.18: A quadruped robot: TITAN-VIII

T

Figure 1.19: Quadruped robot model

Figure 1.20: Link model of quadruped robot
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Figure 2.5: Algorithm of common foot position (CFP)
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Figure 2.6: Foot trajectories, foot common position ans parameters for
standard circular gait
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Ellipse

Figure 2.10: Ellipse course on slope
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Figure 2.11: Reachable angles of a leg around curvature center
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Table 2.1: Partition coefficient for each walking pattern

X-craw RX-craw
legi | Kdfi | Kgri legi | Kdfi | Kgri
1 05 | 025 1 025| 05
2 025| 05 2 05 | 0.25
3 025| 05 3 05 | 0.25
4 05 | 0.25 4 025| 05
Y-craw RY-crawl
legi | Kdfi | Kgri legi | Kdfi | Kgri
1 05 | 0.25 1 025| 05
2 05 | 025 2 025| 05
3 025| 05 3 05 | 0.25
4 025| 0.5 4 05 | 0.25
O(RO)-rotation
legi | Kdfi | Kgri
1,234 05 | 025
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Figure 2.13: Follow chart of gait-transition from crawl gait to crawl gait

(case 1, case 2)
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Figure 2.14: Gait-transition crawl gait to crawl gait (case 1, case 2)
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Figure 2.15: Follow chart of gait-transition from crawl gait to rotation

gait [ case 1, case 2[]
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Figure 2.16: Gait-transition from crawl gait to rotation gait [ case 1,
case 2[]
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Figure 2.17: Follow chart of gait-transition from rotation gait to crawl

gait
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Figure 2.18: Gait-transition from rotation gait to crawl gait
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Figure 2.21: The relation of a trade-off between leg movable region and
body posture
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Figure 3.1: Algorithm of gradient method for optimal body posture

gogooobbobbbodgoooooooobuooooooobobooboboad
gbogboobooboobooboboobobooboob40b00bOon
gogoobbobbbuogoooobbbobbouooooobboboobood
gogoobbbbuoooooobbbobbouooooobbobobbbood
O000b0obO0oooobo0oboooobOob Ssy{ooobobooooooDoboo
gogoobobbbboooooobbbobbbuooooooobbbbbood
ggoboboogobooood

ubooobob 000000000 YewO vy UOOOOOOOOO0OOO
gooobooooboobooboodbob 000000 RollDO PitchD OO
00200000000000x = (Ywr,tep)! 00000000 DOO0O0OOOO0
gogooobobbbougoooobbbbbooooooobboboboad
googoooobooboobb. Fig250000000000000D0OO
ggbobobbooggbbobooooobobooogooo

SM:Smin:Shor (32>
Jodooooooobbbodoooogoon Figd1oooo

Stepl:000000320000000000000000000000000
O0000000z29 eRZOOD0O0O0O0kK:=00000

Step2:0 000000000 0OOOOOOOOOO dP 000330000000
gbobodbobdag ebbgbbbs4bobuogbbugboooobiod «=d
goboboogbooo

d® = -V f(x®) (3.3)

67



g3 buoogobbobuooogbbbod

IV ()] < e (3.4)

|| 0000000000000 Euclidean normO0 0000000000 200
gbd0000 ZTDDDD\/sz:,/Z?_IZZZDDDDDDDDDDDDDDDD
gogobobouoogobooboboo

Vi@®) = (0f(@™)/0er, 0.f (™)) /Opep)" (3.5)

000000000 (AvwrMp) DO0O0DODOO0O
of (™) /oy = (f(@® + (Ahyr, 0)7) — f(2®)) ) Adhyr (3.6)

Of (@) /0p = (f (&™) + (0, Ahyp)") — f(2™)) /Athyp (3.7)
goodoooooood

Step3:0 0000000 0O0OOOOO 100000000

Ig(r)lf(x(k)—i—td(k)) (3.8)
guoblboooouobbooooduoobbbooooobobobuoooooo
guoodoodooooouobodoooodoouobooboboobobbobbobbobo
guobobbboogobobboooooobobboooouobbbooooooo
guobbbogoooobobbboooobobbbbooooobbooooooon
oo ooooobboooobobobooooooo
gogdgabssgubobooboobogbosouununooboboobobbbobooon
O0¢t>00000000¢» 000000000,

fx® + td(’“)) < flx®) + ﬁtVf(m(k))Td(k)
(3.9)
(Vf(x® + td(k))T)d(k) > ’)/Vf(a:(k))Td(k)

00008,v0 e (0,%),ye(4,1)000000000. &*+D) .= g®) 44HEg®
O00k:=k+10000 Step200000000000D0O00OOOOODOO
0D00000000000000000000000000000000000
000000000000 D0000D00000000000000000000
00000000000000000D000000

68



3.3. Douggboobooog

3.3 Uboogooood

D0000000000000000000000000000000000
D0000000000000000000000000000000 TITAN-
VI [15|000000000000000000 Table3.1000000000
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Table 3.1: Robot model specifications and parameters for optimal body

posture
Robot Size (standard posture) [mm] 400 (W) <600 (L)=<250 (H)
Leg movement area (basal plane) [mm] 300 (W) <200 (L)
Leg movement area (height) [mm] 160 (Top), -140 (Bottom)
Height of COG (Hcog)  [m] 0.243
Inclination angle of slope (y) [deg] 10.0
Initial Shor [M] 0.2
Minimum stability margin (Smin) [m] 0.2
Minimum stroke (Strokemin) [m] 0.001
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Yaw Angley,y[deg]

(a) Optimal body posture (b) Stroke Length

slope direction

.

W
o Ny

slope direction

f_

g
W moving direction

(c) OBP of point A, that the direction of (d) OBP of point B, that the direction of
the robot is same as the direction of slope the robot and the the slope is 90 degrees
(Wy=0.0[deg]) (Wpy=90.0[deg]))

Figure 3.2: The optimal body posture of the specified moving direction
on the slope

y ’

Figure 3.3: The optimal body posture that gives the fastest moving
speed for specified moving direction of crawl gait
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Yaw Angley py[ded]
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10 20 30 40 50 60 70 80
Yaw Angley,y [deg]

' <
Wy 10e9)
(a) Optimal body posture (b) Stroke Length

Figure 3.4: The optimal body posture of the arbitrary moving direction
on the slope

slope direction

(a) COBP of point A, ({ ,,y =0.0[deg]) (b)

Figure 3.5: The optimal body posture that gives the fastest moving
speed for arbitrary moving direction of crawl gait 1,y =0[deg]
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(a) COBP of point B, () ,,=90.0[deg]) (b)

Figure 3.6: The optimal body posture that gives the fastest moving
speed for arbitrary moving direction of crawl gait ¢,y =90[deg]
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Figure 3.7: The optimal body posture of the rotation gait on the slope
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Table 3.2: Optimal body posture of special point A,B

Gait Pattern OBP Point|Yaw [deg]| Roll [deg] | Pitch [deg]
Crawl gait for arbitrary A 0 0.0 9.4
direction B 90 95 0.0
Crawl gait for specified A 0 0.1 9.3
moving direction B 90 6.0 29
Rotation gait A 0 0.0 10.7

9 B 90 10.0 0.1
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Stepl Step2 change body posture

1. New leg movable region of optimal body posture for new gait
(dotted line in Step1l, solid line in Step2)

2. Old leg movable region before a gait-transition (solid line in Step1,
dotted line in Step2)

New gait

@ ...supporting leg
O ...swinging leg

Figure 3.8: Gait-transition case 1 from crawl gait to crawl gait with
optimal body posture

Stepl StepZ body stop

- Cend
p  Stability Marginzov

1. New leg movable region of optimal body posture for new gait
L (dotted line in Stepl and Step2, solid line in Step3)

2. Old leg movable region before a gait-transition

(solid line in Stepl and Step2, dotted line in Step3)

Figure 3.9: Gait-transition case 2 from crawl gait to crawl gait with
optimal body posture
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Ste 2 body stop

New leg movable region

Figure 3.10: Gait-transition case 1 from crawl gait to rotation gait with
optimal body posture

Step2 body stop

New leg movable region

Figure 3.11: Gait-transition case 2 from crawl gait to rotation gait with
optimal body posture
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New gait

New leg movable region

Figure 3.12: Gait-transition from rotation gait to crawl gait with opti-
mal body posture
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New gait-1 New gaif—2

Figure 3.13: Gait-transition from rotation gait to rotation gait with
optimal body posture
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Figure 4.2: Influence on NE stability margin Syz by changing the height
of COG
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Table 4.1: Changing of supporting leg diagonal lines D;

Gait Type D1 D2 D3 Da
X-crawl 21-P12=>P2-Pas 22-Pa3 21-Pa2
PP PP P Pe=Pa-P P12-P3si=>P13-Pa3: | P1s-P2=>P14-Pas
Y-crawl P2-Ps=>P2-Pa | P-P2=>P24-Pus
Rotation P2-Pi1=P2-Pa | P11-P33=P12-Pas | P21-Pas=P22-Pas | P13-P3i=>P14-Ps:2
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Figure 4.4: Three legs supporting period of Y-crawl gait
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pﬂ' - Pt
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Figure 4.5: Three legs supporting period of rotation gait

Table 4.2: The experience value of Sygpa,, by real robot experiment
(Hcog = 0.243[m])

Walking Environment | Gait Type Elégz] l#dk:apg] léjdtgg] [Snl]\lrli]A]vg
. X-Crawl 2685
Horizontal plane NCrawl 0 0 0 o
Inclination angle X'Cra""l' o | 10| o | L1178
of Slope () =10[deg]) ='W 0.476
X-Crawl 2526
10 0 90
Y-Crawl 0.128

Syy00000000000000000000(000)00000000 Sy
0000 Sypaw, 0000000 Table41 000 D;,00000000000=0
00000000000000000RX,RYODOOOOOOOROOOOOOO
000 Sypan, 0100000
000000000000000000000000000000 Sygay 00
0OTable.4.20 00000000 ypan, 000000 (¢=10[deg], vy =90[deg] O
0YOOOOOOO)OOOOODOO0O00O000000000000000000
000000000000000000000000000000000000
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Figure 4.6: The stability margin S,, and normalized energy stability
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v{c(x®) + Ve(z®)Td)} =0
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F, = f(z) + rmaz{0, c(x)} (4.10)

92



43. 0D0OOODO

000000000000 0000000100000000
min Ey(z® + td™®) (4.11)

t>

0000000000 0O00o000 +0¢®ooozekt =20 +®dOgk oooo

Fy(a® +1d®) < B (@®) + A, ¥, dV) - (W)
_ 1
Fxﬁﬂd)::f@w)+vAm®Fd+§fBWd
+ ymaz{0, c(x®) + Ve(x™)Td} (4.12)

000O0r000000000000003,70 B8,7€(0,1)000000000.

Step4:00 HO OO OOBFGSO O

1 (y*)Tsk > 0.2(s®))T B®) 5k
0= 0.8(s(k))TB®s*) (4.13)
(KNT B(k) g(k) — (qy(ENT g(k)
ECEFCE CCLE (other)

(yNTH R ®) o) (5T
(s Ty® 7 (s®)y®
s (yW)T B 4 )0 (50T
() Ty )

HEY = g® 414

(4.14)

sk — x(kJrl)f:p(’“)
y(k) _ VxL(fﬂ(kJrl), u(kJrl)) o VIL<:L,(I€)’ u(kJrl))

0000 H®WOOooooooooo Y 00000 k:=k+10000 Step2
oooag

93



040 DOO0bOOoOoboOooboOoobooboobooboobon
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guobobbodooguobobboooouobbooooooboboooooooo
O00000COBPOOODOODOODODOODODODO TITAN-VIIIOO
000000000000 Table4 3000000000 0O0O0O0OO0O0ODODOOO
guobbbbobooooobbboooobobbbbooooobboooooon
0000000000000 000000000 Yew OODOOODOO 0 < 9ypy <
90[deg] 0 O OO

Table 4.3: Specifications of robot model and parameters for COG-
Correspondent optimal body postures

Robot Size (standard posture) [mm] 400(W)x 600(L)x 250(H)
Leg movable area (basal plane) [mm] 300 (W)x 200 (L)

Leg movable area (height) [mm] 160(Top), -140(Bottom)
Inclination angle of slope (Y ) [deg] 10.0

Initial value of Shor [m] 0.2

Minimum stability margin (Smin) [m] 0.2

Minimum average v_alue of. NE stability margin 0128

of three leg supporting period (SNAmin) [mm]

Minimum stroke (Strokemin) [m] 0.001
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4.4.1

(a) Optimal body posture

slope direction

.

s

» Ny

direction of robot

(c) COBP of point A, that the direction of
the robot is same as the direction of slope

(Wpy=0.0[deg])
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 projection

~_orthogonal projegtion
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(b) Stroke Length and optimal Hcog

N
WX (moving direction)

(d) COBP of point B, that the direction of
the robot and the the slope is 90 degrees

(W,y=90.0[deg])

Figure 4.7: COG-correspondent optimal body posture (COBP) of the
specified moving direction
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(a) Optimal body posture (b) Stroke Length and optimal Hcog

Figure 4.8: COBP of the arbitrary moving direction
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4.4.3 0O0O0OO

(a) Optimal body posture

0.77

) 4
0 10 ngg\e oY
a[/' ad] \(a\N

70 0 %0
\deg\

(b) Rotation Angle and optimal Hcog

Figure 4.9: COBP of the rotation gait

Table 4.4: COBP of special point A,B

Gait Pattern Point | Wpy[deg] |Whr[deg] |Wbp[deg] |Hcog [m]
Crawl gait for specified| A 0 0.1 5.8 0.220
moving direction B 90 6.6 0.1 0.223
Crawl gait for arbitrary | A 0 0.0 10.0 0.247
direction B 90 6.2 0.0 0.221

. . A 0 0.0 9.9 0.247
Rotation gait
B 90 10.0 0.1 0.247
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4.5.1 0OD0O0OO0OO0OOO0OOO0OOOO0O0OO

change Hcog and
Step2: bodygposturg

Cend: end position of
leg C at stepl

1. New leg movable region of optimal body posture for new gait
(dotted line in Stepl, solid line in Step2)

2. Old leg movable region before a gait-transition (solid line in Step1, dotted line in Step2)

New gait
{O ...swinging leg

— ]

i D Gi—)f

Figure 4.10: Gait-transition case 1 from crawl gait to crawl gait with
COBP

@ ...supporting leg J
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Step?2: Body stop

\ Cend
d Stability Margin=0 v

New gait

ENAES

New leg movable region

Figure 4.11: Gait-transition case 2 from crawl gait to crawl gait with
COBP
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4.5.2 0O0O00O0OO0OOOOOOOOODOO

Step2 : Body stop

New leg movable region

change Hcog and
Step3: body posture New gait

New leg movable region

Figure 4.12: Gait-transition case 1 from crawl gait to rotation gait with
COBP
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Stepl Step2: Body stop

New leg movable region

.change Hcog and body posture
Step3: body stop

New gait

’4

(Fo ] [V
Figure 4.13: Gait-transition case 2 from crawl gait to rotation gait with
COBP

New leg movable region
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Step2 : Body stop

New leg movable region

change Hcog and
Step3: body posture New gait

New leg movable region

Figure 4.14: Gait-transition from rotation gait to crawl gait with COBP
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Figure 4.15: Gait-transition from rotation gait to rotation gait with
COBP
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000000000000 0b0boobDoboOoboO OpenGLOOOODOODO
gGulbooooooooooooooooooobooobooboooboooon
goooooobooboobdrigshldbooboooboboobooboo. boooon
0000 Figh20O0OOOO0O0O0O0O0O00O TITAN-VIIIOOOOOOOOOOOO
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Table 5.1: Spec of Quadruped robot

Robot Size 0.40x 0.65x 0.25[m]
Leg 4
Degree of Freedom | 12(3DOF x4legs)
Weight of Body | > 20[kg]
Movable Weight | < T[kg]

Actuator DC Servomotord 50[W]0 x 12
Motor Driver Titech Robot Driver Ver.2 x 12
Sensor Potentiometer(all joint) x 12

Power DC24]V]

Table 5.2: Parameter of Simulation

Robot Size (standard postuer) [mm] 400(W)x 600(L)x 250(H)[m]
Leg movable area (basal plane) [mm] 300(W)x 200(L)

Leg movable area (height) [mm] 160(Top), -140(Bottom)
Inclination angle of slope () [deg] 10.0

Initial value of Sper [m] 0.2

MInimum average value of Sng (SN amin) [mm] | 0.128

MInimum stroke (Stroke,) [m] 0.001

Swining leg time [s] 1.0

Duty factor () 0.75

One period [s] 4.0

gogobbbobbboooooooobobobbboooooobooboobobood
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Figure 5.2: Real roboto TITAN-VIII
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Y crawl

X crawl

J. 0 [deg]

Figure 5.3: Walking image for gait-transition from X-crawl to Y-crawl

(case 1)
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Figure 5.5: Walking image for gait-transition from X-crawl to Y-crawl
(case 2)
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Figure 5.6: Walking path of COG and corresponding stability margin
for the gait-transition from crawl gait to crawl gait (case 2)
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Figure 5.7: Walking image for gait-transition from X-crawl to rotation
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Figure 5.8: Walking path of COG and corresponding stability margin
for the gait-transition from crawl gait to rotation gait (case 1)

115



gsdoodag

Figure 5.9: Walking image for gait-transition from X-crawl to rotation
(case 2)
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Figure 5.10: Walking path of COG and corresponding stability margin
for the gait-transition from crawl gait to rotation gait (case 2)
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Figure 5.11: Walking image for gait-transition from rotation to X-crawl
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Figure 5.12: Walking path of COG and corresponding stability margin
for the gait-transition from rotation gait to crawl gait

117



gsdoodag

RO ratate

0 mrateg

a

<5 ([deg]

Figure 5.13: Walking image for gait-transition from rotation to rotation
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Figure 5.14: Walking path of COG and corresponding stability margin
for the gait-transition from rotation gait to rotation gait

118



5. 3. bDouoobbbuooobbbodo

5.3.2 UUOOUOOOOOLOOOOOO

gogoobbbobbbouooooobobobbboooooobobobood
00000000000000000000000[deg)00000000OO0ODO
ggboboogbbogbbbuogobboogbbuooobobbooobobao
gobooo

00 (1) 000 ¢=10.0[deg]00 0 Yaw O 1y =0.0[deg]00 O Roll 0 t,z=0.0[deg]0
000000000000 PitchD0000000XO0O00O00000000

00 (2) 000 ¢=10.0[deg]00 0 Yaw O th,,=0.0[deg] 00 O Pitch O 1,z=0.0[deg]
0000000 Pitch0O0OOOOO0OO0 YOOOOOOOOOOO

gogboodao

Fig.5b. 150 Figh. 16000000000 O0O0ODOO0DLOOO0O0ObOOoODboOonDgon
g0oobobooobodibFigs.1b0Fghl6000000O00O0ODO0OOOOOO
gogooobbbbbuouooooobbbbouooooobbbobobood
gogooobobbbodooooobbobobuoooooobboboobood
gogoobbbbbobuooooobbbbbuoooooobbbbbood
gogbboboogobobbuoggooboooobobooooobooo

00 05.0[deg] 00 10.0[deg) 0000000000 DO0OOO0OO0ODOOODOOO
gogooobbbobbougoooobbbbobuooogooboobbood
0000000000000000000000000010.0[deg)00D00O0O0O
goggoobbbouoooogobooobboooooooobooboobbood
gogduoooooobobbbbbuouooooooobbbbbbooogd
gogboboboogobooood

O00Table 30000000000 0OO0O0OOOO0ODODODOOOOODOODO
gogobobooggog

Table 5.3: Maximum moving speed, corresponding body posture and
limiting angle to walk on slope
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Figure 5.15: Changing walking speed by rotated body state on slope
direction v, =0.0[deg]
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Figure 5.16: Changing walking speed by rotated body state on slope
direction v,=90.0[deg]
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Table 5.4: Improvement in the moving speed by the optimal body pos-
ture (specified moving direction, 1,y =60[deg])

Body Posture Gait Type| Wypy | Wpr | Wpp |Moving Increase
[deg] | [deg] ! [deg] |Speed [m/s] | Rate [%]
Body horizontal 0.0 0.0 0.0376 0.0
Parallel to a slope X-Crawl 60 8.7 5.0 0.0631 67.8
Optimal body posture 8.7 4.3 0.0657 74.7
Body horizontal 0.0 0.0 0.0249 0.0
Parallel to a slope Y-Crawl | 60 8.7 5.0 0.0308 23.6
Optimal body posture 7.8 5.6 0.0334 34.1
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Figure 5.19: Motion speed in crawl gait while the specified moving
direction is set as a 30[deg] angle of the X,-axis (Fig.3.2)
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Figure 5.20: Verification of the improvement in moving speed (X,Y-
crawl gait for arbitrary moving direction)

Figh200 000000000000 0O00ODOO00O0O0O0O0O0000gon
O00000000Tableb.50000000000 000 9000 4,y =0 or 90[deg|0
gbobogob XobooooyYyoouodoobouoooboooobooooobo
gbodgouoboobobboobuogbuogboobobooboobuogod

126



0.4, UbUoobOobbhOobobOobooboobon

Table 5.5: Improvement in the moving speed by the optimal body pos-
ture (arbitrary moving direction)

Body Posture Gait Type| Ypy |Wpr [Wpp [|Moving Increase
[deqg] | [deg] | [deg] |Speed [m/s] |Rate [%]
Body horizontal 0.0 0.0 0.0478 0.0
Parallel to a slope X-Crawl 0 0.0 10.0 0.0515 7.7
Optimal body posture 0.0 9.4 0.0548 14.6
Body horizontal 0.0 0.0 0.0465 0.0
Parallel to a slope X-Crawl | 90 10.0 0.0 0.0720 54.8
Optimal body posture 9.5 0.0 0.0723 55.5
Body horizontal 0.0 0.0 0.0373 0.0
Parallel to a slope Y-Crawl 0 0.0 10.0 0.0483 29.5
Optimal body posture 0.0 9.4 0.0487 30.6
Body horizontal 0.0 0.0 0.0247 0.0
Parallel to a slope Y-Crawl 90 10.0 0.0 0.0233 -5.6
Optimal body posture 9.5 0.0 0.0253 2.4

gboboboboobobobobboboobbobobooboboboobbooobda
gbogboobobobboobboobobobooboboobuooboobobo
gboooooooobeotob YOhOoooooboboboooboboobooo
O0000Fig520b)000@0 0000000000000 00O0O0O00O00O0O0O
O00O0o0b0o0b0oobo0bbob0o0obo0obo0OooUobDOoOg TITAN-VIIT
goooobbbbbobbdodoooooooobbooobbbbbbboogod
gogbbobooobobbbooggboboooobboooobbobogg

127



gsdoodag

54.3 0UOO0OOO

0.2125 T T T T T T T
Lo “““ ‘ ‘Obtimalébodyéposthe‘ . “““ ““““

o
(]

0.1875
0.175 “““ ‘ ‘Pﬁf&”&”O‘&S]OpE’ e o B

0.1625

o
[
]

0.13751

Body horizontal

0.125f

Rotation Angle Velocity[rad/s]

0'11250 10 20 30 40 50 60 70 80 90

Yaw Angley,y [deg]

Figure 5.21: Verification of the improvement in moving speed (rotation

gait)
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Figure 5.22: Walking path of COG, corresponding stability margin, legs
state and optimal body posture for the gait-transition from crawl gait
to crawl gait (case 1)
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Figure 5.23: Walking path of COG, corresponding stability margin, legs
state and optimal body posture for the gait-transition from crawl gait
to crawl gait (case 2)
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Figure 5.24: Walking path of COG, corresponding stability margin, legs
state and optimal body posture for the gait-transition from crawl gait
to rotation gait (case 1)
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Figure 5.25: Walking path of COG, corresponding stability margin, legs
state and optimal body posture for the gait-transition from crawl gait
to rotation gait (case 2)
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Figure 5.26: Walking path of COG, corresponding stability margin, legs
state and optimal body posture for the gait-transition from rotation gait
to crawl gait
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Figure 5.27: Walking path of COG, corresponding stability margin, legs
state and optimal body posture for the gait-transition from rotation gait
to rotation gait
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Table 5.6: Improvement in the moving speed by the COBP (specified
moving direction, ¢,y =60[deg])

Body Posture Gait |Wpy |Wpr |Wpp | Hecog |Moving Increase| Average |Increase
Type | [deq] |[deq] | [deg] | [m] Speed [m/s] | Rate [%]| SNE [mm]|Rate [%]
Body horizontal 00 | 0.0 |0.243 0.0376 0.0 0.674 0.0
Parallel to a slope | X- 87 | 50 |0.243 0.0631 67.8 1.790 166.6
OBP(Hcog fixation)| Crawl 87 | 43 |0243 | 0.0657 74.7 1.978 193.4
COBP 8.6 | 41 |0.230 0.0684 81.9 2.102 2118
Body horizontal 0 00 | 0.0 |0.243 0.0241 0.0 0.129 0.0
Parallel to a slope | y- 87 | 50 |0.243 0.0308 278 0.197 52.7
OBP(Hcog fixation) | Crawl 78 | 56 |0243 | 0.0334 38.6 0.232 79.8
COBP 71 | 56 |0.220 0.0417 73.0 0.258 100.0

OBP: optimal body posture with fixed Hcog
COBP: optimal Hcog and optimal body posture in consideration stablity

000000000000000000000000000000 30[deg] 00 X
JbO0bO0b0obOobOobdTables 2800000000 0OO0OO0OO0ODOODOO
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Figure 5.28: Moving speed and Syga., in crawl gait while the specified
moving direction is set as a 30[deg| angle of the X,-axis (Fig.4.7(c)(d))
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Table 5.7: Improvement in the moving speed by COBP (arbitrary mov-
ing direction)

Body Posture Gait |Wpy |Wpr |Wpp | Heog [Moving Increase| SNEAvg | Increase
Type [deg] | [deq] | [deqd] | [m] Speed [m/s] | Rate [%]| [mm] Rate [%]
Body horizontal 00 | 0.0 | 0.243 | 0.0478 0.0 1.088 0.0
Parallel to a slope 0 0.0 | 10.0 | 0.243 | 0.0515 7.7 1.189 9.3
OBP(Hcog fixation) 00 | 94 | 0243 | 0.0548 146 | 1.356 24.6
COBP X- 0.0 | 10.0 | 0.247 | 0.0512 7.1 1.095 0.6
Body horizontal | Crawl 00 | 0.0 | 0243 | 0.0465 0.0 1.033 0.0
Parallel to a slope %0 10.0| 0.0 0.243 0.0720 54.8 2.492 141.2
OBP(Hcog fixation) 95 | 0.0 | 0243 | 0.0723 555 | 2.506 142.6
COBP 62 | 00 | 0221 | 0.0646 389 | 2.056 99.0
Body horizontal 00 | 0.0 | 0243 | 0.0374 0.0 0.297 0.0
Parallel to a slope 0 0.0 ‘ 10.0 | 0.243 0.0483 29.5 0.480 61.6
OBP(Hcog fixation) 00 | 94 | 0243 | 0.0486 29.9 | 0.484 62.9
COBP Y- 0.0 | 10.0 | 0.247 | 0.0493 31.8 | 0.449 51.2
Body horizontal | Crawl 00 | 0.0 | 0243 | 0.0249 0.0 0150 | 0.0
Parallel to a slope % 10.0| 0.0 | 0.243 | 0.0233 -6.4 0.128 -14.6
OBP(Hcog fixation) 95 | 0.0 | 0243 | 0.0253 1.6 0.147 -2.0
COBP 6.2 | 0.0 | 0.221| 0.0354 42.2 | 0.206 37.3

Table.5.70 Oy =00 vy=90[deg] 0 D0 D000 XOYOOOUOODOOOO
0000000000000 0Yy=90deg 0 YOOOOOOODOOOODOD (3)
OFig5.29b)000@000000000000000O00O0OM) 00000000
0000000 @3)0 (4)0000000000000000000000(1)00
O00000000000Fig5.29b) 000000000000 Fig.5.29(d)O00
odooooooooooooon

5.6.3 UUOOO

000000000 <4,y <9[deg) 100000000000000000O0
000000O0000Fig5300000000(1)00000000000000
0000000000 ¢y=60deg] 0000000 (2)000000000000
000()000000000000000000000000000000000
Svpa, 000000000000000000 Syame»00000000000
00000000000000000000000000
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Figure 5.30: Verification of the improvement in moving speed and

SnEAvg (Rotation gait)
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Figure 5.31: Simulation result of all gait-transition patterns. Walking

path of COG, corresponding stability margin and legs state, optimal

body posture and optimal height of COG
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Figure 5.32: Walking path of COG, corresponding stability margin and
legs state for the gait-transition from crawl gait to crawl gait (case 1)
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(g) step 7 (h) step 8

Figure 5.33: Quadruped robot motion for the gait-transition from crawl
gait to crawl gait (case 1) on a slope of inclination angle 5.0
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Figure 5.34: Walking path of COG, corresponding stability margin and
legs state for the gait-transition from crawl gait to crawl gait (Case 2)
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(g) step 7 (h) step 8

Figure 5.35: Side view of quadruped robot motion for the gait-transition
from crawl gait to crawl gait (case 1) on a slope of inclination angle 10.0
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Figure 5.36: Simulation result of the gait-transition from crawl gait to
crawl gait (case 1) on a slope of inclination angle 10.0 by changing the
height of COG
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Figure 5.37: Quadruped robot motion for the gait-transition from crawl
gait to crawl gait (case 1) on a slope of inclination angle 10.0 by changing
the height of COG
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Figure 5.38: Simulation result of the gait-transition from crawl gait to
crawl gait (case 1) with COBP on a slope of inclination angle 10.0
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(g) step 7 (h) step 8

Figure 5.39: Side view of quadruped robot motion for the gait-transition
from crawl gait to crawl gait (case 1) with COBP on a slope of inclina-
tion angle 10.0
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