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Optimize F(c(t))

in cog space
s.t. balance

c(3dt) c(2dt) c(dt)

0 1.1. Heuristical model reduction approach (e.g., Center of Gravity model for dynamic
walking) has been sometimes used.
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Optimize F(q(t))
in configuration space ® ®

s.t. balance . .

q(3dt) q(2dt)

0 1.2. Better walking motion than CoG model reduction will be achieved by searching

in whole-body configuration space.
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Optimize F(q(t))
in configuration space

s.t. balance, collision,
actuator limitation...

O 1.3. More general motions than walking includes whole-body motion and contact tran-

sition in addition to leg contacts.
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Actual robot
q'(3dt) q'(2dt) q'(dt)

Minimize ||q(t;X) - q'(t)|?
in model parameter space
(X) of simulation robot

Repeat until Qst mEion achieved

Optimize F(q(t))
in configuration space

s.t. balance, collision,
actuator limitation...

q(dt) q(0)

0 1.4. Optimized motion is not optimized if the motion could not be achieved by actual
robot faithfully as simulation.
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Optimize F(q(t; X))
in configuration space
and model parameter (X)

s.t. balance, collision,
actuator limitation...

0 1.5. Robot model could be optimized in addition to whole-body configuration. Right
robot is a developed robot in this paper by using body and behavior creation

support system.
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BIMEET IV/INS ARG ERK
LHDRPIRHR > =5
EMBERELIRBINGR > WNUE
LHZBINEMBERR > A RNE

BERRIRETIVASAIHE —> H. =

BIREERETIVIASAYER > =, U, "=

O 1.6. Overview of all chapters with respect to search problem.
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0 2.2. Search in whole-body configuration and contact states [48].
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0 2.4. Search in not only motion model space but also body model space [17], [48], [49].
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0 2.5. Body model parameter estimation by searching body model space [50].
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0 2.6. Body model parameter search by searching body model space [51].
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O 2.7. Two scenarios to use body and environment model search; generation of body and

motion model parameter for virtual robot, and correction of body, environment,

and motion model parameter for actual robot.
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O 2.9. Definition of model and search method to change body and search motion model
parameter used in chapter 3.
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0 2.10. Definition of model and search method to search motion and body model pa-

rameter used in chapter 6.
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O 2.11. Definition of model and search method to estimate body and regenerate motion

model parameter used in chapter 4.
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0 2.12. Definition of model and search method to estimate body and regenerate motion

model parameter used in chapter 6.
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O 2.13. Two scenarios to use body and environment model search; generation of body and
motion model parameter for virtual robot, and correction of body, environment,

and motion model parameter for actual robot.
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O 2.14. There exist 3 patterns of search problem; x) motion model parameter search, b)

body and environment model search, and xb) both search.
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0 2.15. There exist 3 patterns of search problem, 2 patterns of objective (e.g., optimiza-

tion and identification), and their 6 combinations. However, we consider that

motion model parameter is the same in real world and virtual world, 2 out of 6

combinations in esitimation problem have no sense. Hense, there are 4 problems;

x1) optimize motion model parameter, bl) optimize body and environment pa-

rameter, b2) estimate body and environment parameter, and xb) optimize body

and environment and motion model parameter.
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0 2.16. Search problem settings of following chapters.
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O 2.18. Search methods of following chapters.
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1) Several local solutions due to the 2) Narrow feasible space for keeping contact and
non-convexity of environment. balancing

O 3.1. Our algorithm is fast and applicable to the problems which have several local
solutions and narrow feasible space. (reprinted from [20])
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Task redundancy space: i

(e.g. Redundant DOF of 7-dof
manipulator kinematics)

N
i [© : qo
pPx| O ® ql
py| O TSM: ® qg
|0 G — s |o| &
rx | O ® q5
ry | O ® 9
2 [O a6
>~ .
Task: k B State: s E
(e.g. EE coord) (e.g. Joint angles)

O 3.2. Redundancy embedding: Task-state map is a map from task space and task re-

dundancy space towards state space (reprinted from [20]).
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minsf (s) (3.1)
s.t.
g(s)=0
h(s) <0
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Auto encoder for Task-State Map
redundancy embedding N

&

A |

qo
q1
q2
g3
q4
(¢]3)
g6

err(ﬁ

Px
Py

P zZ
Training Database: I E:(
one task )

Yy
vs several states .

O00000 || 00000 00|

O Task redundancy:i O Task: k (e.g. EE coord) @ State: s (e.g. Joint angles)

O 3.3. Deep-auto-encoder-based task-state map with two input layers: Robot’s state
input in left layer and task input in middle layer. Besides, middle layer also has
task redundancy space parameters which is automatically embedded from training
robot’s state values. (reprinted from [20])
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s =TSM(s, k) (3.2)
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TSMO kO00000ODDOO 00000000000 OOO

min; f (s) (3.3)
st. s =TSM(i, k)
g(s)=0
h(s)<0
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3.2.1.2.2 Reachability Map
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3.2.1.2.3 Model Reduction

000000000 Model Reduction 000000000000 [64][23]. Model Reduc-
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QZ m2 m2

O Task Null, i-dof
(O Task, k-dof
@ State, s-dof

O Hiden, m*d nodes

O 3.4. For testing the TSM network configuration, the sizes of nodes are parameterized.
s, k,i are the degrees of freedoms of state, task and task redundancy space. The
hidden layer of the left side has m1 x d1 nodes, and the right side has m2 x d2
nodes. (reprinted from [20])

o [10:
—-s=28: 0000000000DO00C0O0O0O0O0O0O0O0ODO
- k=18 000000000C0O00000DOOCOO0O0O0ODODOODOOOO0
00
-4=1,3,5: 00000000000 s—k=1000000000

;00000000000 1,2,30000 50000
00,0000000000000,00000000 ml,0000d1,00000000
0,0000 m2, 00 d2000. dl,d2,ml,m2 00000000000000 3.1, 3.2,
3.30000000000000 Intel Core i7-4790 CPU, 3.60GHz 0 000000000
000000000000000 SCOREODDDNOOOOOOOOOOOOOO
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0 3.1. TSM configurations and learning results (s = 9,k = 6)

ml |dl | i|d2| m2 | TIME SCORE + SD
0| 22| 4| 70 2.0h | 0.15 £ 0.053rad
70 1 12| 4| 70| 17.4h | 0.16 = 0.054rad
0| 412] 4| 70 2.8h | 0.17 £ 0.065rad
0| 312 3| 70 | 17.6h | 0.17 &+ 0.153rad
70 12 3| 70 1.2h | 0.18 £ 0.058rad
0] 213| 4| 70 2.0h | 0.19 £ 0.063rad
0] 211 41 70| 17.2h | 0.19 £ 0.150rad
70 113 3| 70 1.2h | 0.20 £ 0.079rad
70 112 2| 70| 16.5h | 0.21 &£ 0.069rad
| 4]13| 4| 70| 20.6h | 0.21 £ 0.198rad
00 313 3| 70 | 18.8h | 0.21 £ 0.202rad
0] 4|1 41 70| 18.1h | 0.22 £ 0.155rad
0] 3|1 31 70 2.1h | 0.23 £ 0.087rad
70 111 41 70 1.7h | 0.23 £ 0.092rad
70 1|1 3| 70 | 16.5h | 0.23 £ 0.089rad
70 13 2| 70 0.8h | 0.23 £ 0.089rad
0 212 2| 70 | 16.8h | 0.24 &+ 0.173rad
00 213 21 70 1.2h | 0.24 £ 0.088rad
70 113 4| 70 1.7h | 0.25 £ 0.087rad
0] 21 2| 70| 16.8h | 0.25 £ 0.085rad
70 1)1 2| 70 | 16.3h | 0.26 &+ 0.091rad

0o3libboboboooboooobuoobuoobooboobooboobooboon
000000ooooooooD 0000000 200000
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0 3.2. TSM configurations and learning results (s = 16,k = 12)

ml |dl | i|d2| m2 | TIME SCORE + SD
150 | 2|3 5| 150 | 11.0h | 0.21 £ 0.068rad
150 | 2| 2 51 150 | 11.0h | 0.22 £ 0.061rad
150 112 4150 | 21.3h | 0.23 £ 0.077rad
150 13| 4150 | 21.4h | 0.23 &+ 0.065rad
100 2|3 5| 100 | 20.1h | 0.25 £ 0.087rad
100 | 2|2 5| 100 | 20.0h | 0.26 £+ 0.074rad
100 113 4100 | 18.2h | 0.26 £+ 0.083rad
100 22| 4] 100 | 19.0h | 0.26 £ 0.083rad
100 2|3 | 4] 100 | 19.2h | 0.27 £ 0.063rad
100 112 4100 | 18.0h | 0.27 £ 0.093rad
150 112 31150 | 19.4h | 0.27 £ 0.094rad
150 | 2|1 5| 150 | 10.9h | 0.28 £ 0.092rad
150 113 31150 | 19.6h | 0.29 £ 0.082rad
150 | 2|1 41150 | 23.0h | 0.29 £ 0.087rad
100 112 31100 | 16.8h | 0.30 £ 0.092rad
150 | 22| 4] 150 | 229h | 0.30 £ 0.107rad
100 2|1 41100 | 19.2h | 0.31 £ 0.104rad
150 11 3| 150 | 19.5h | 0.31 £ 0.109rad
100 113 3100 | 17.1h | 0.33 £+ 0.100rad
100 111 31100 | 17.1h | 0.34 £ 0.104rad
100 111 41100 | 18.1h | 0.36 £ 0.105rad
150 | 2|3 | 4] 150 | 23.0h | 0.39 £ 0.110rad
100 | 2|1 5| 100 | 20.1h | 0.40 £+ 0.116rad
150 111 41150 | 21.4h | 0.44 £ 0.152rad

41
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0 3.3. TSM configurations and learning results (s = 28,k = 18)

ml |dl | i|d2| m2 | TIME SCORE + SD
150 | 4]3] 8| 150 | 40.3h | 0.34 £+ 0.061rad
150 | 33| 8] 150 | 38.5h | 0.34 £ 0.076rad
200 | 33| 6200 | 44.3h | 0.35 £ 0.088rad
200 33| 81200 | 50.0h | 0.35 £ 0.071rad
200 | 43| 81200 | 52.8h | 0.35 £ 0.069rad
150 | 33| 6150 | 34.9h | 0.36 £+ 0.069rad
200 | 23| 41200 | 353h | 0.37 £ 0.066rad
150 | 23| 4] 150 | 28.1h | 0.37 £ 0.102rad
150 | 45| 8] 150 | 40.4h | 0.38 £ 0.073rad
200 3|1 8 1200 | 50.0h | 0.38 £+ 0.090rad
200 21| 41200 | 351h | 0.38 £ 0.080rad
200 | 45| 81200 | 52.9h | 0.38 £ 0.083rad
200 4|1 8 | 200 | 53.0h | 0.38 £ 0.081rad
150 | 3|5 | 8| 150 | 38.6h | 0.39 £+ 0.081rad
150 | 2| 1| 4] 150 | 28.2h | 0.39 £ 0.091rad
150 | 4|1 8 | 150 | 40.4h | 0.39 £ 0.073rad
200 | 3|5 | 81200 | 50.0h | 0.40 £ 0.075rad
150 | 3|1 8| 150 | 38.7h | 0.40 £ 0.074rad
200 3|1 6 | 200 | 44.5h | 0.41 £ 0.081rad
200 35| 6200 | 44.3h | 0.41 £ 0.099rad
150 | 3|5 ] 6150 | 34.9h | 0.41 £+ 0.077rad
150 3|1 6 | 150 | 34.9h | 0.42 £ 0.097rad
200 | 25| 41200 | 35.2h | 0.44 £ 0.098rad
150 | 2|5 | 4] 150 | 28.1h | 0.44 £ 0.074rad

0330000000000 00O00oDobDoDOoboO0oobOoDOobOOobObOoDOoboOD
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2) Side view of the egress postures

O 3.5. The application result of the egress posture generation. Total 82 postures with
given contact states without collision are calculated in 2.2 seconds. For balanc-
ing and avoiding collision, forward-bent kneeling postures are needed and these
complex postures are stably calculated. (reprinted from [20])
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1. TSM sampling
in task nullspace
& local planner filtering

2. COG Balance check 3. Collision check

—

Side

74/100 are valid 5/16 are valid
TSM eval 0.019 [s]/100

local planner 0.039 [s]/100

16/74 are valid
COG balance 0.0015 [s]/74 Collision 0.0094 [s]/16
Total: 0.075 [s]

O 3.6. Sampling in task redundancy space and filtering for balancing and collision avoid-
ing. 100 sampling took 0.075 seconds, and 5 feasible solutions are found by using
Intel Core i7-3520M CPU 2.90GHz. (reprinted from [20])

OO00o0o0ooogo s8sbbgoboooboooogsbooooooboobooDo
goooobogoboboobobooobooboboobbooboooboobbooboOon
O00000000oooooo00ooooooo000ooooDoooo00ooooonD ZMP O
OO0 6800000000000 00O00O0O0O0O0OO0DO0OD 1900000000000
o00o00obOobOobOobOooOoOoUoOobOOobobOob 3600b0ODbODODODObOOn
0000 7000000000

O 3.4. The computation times of egress posture generation

i) m1/m2=150/150

d1/d2 2/4 3/6 3/8 4/8
i=1 - - - -
i=3 15.8 sec 5.5 sec 1.9 sec 2.2 sec
i=5 210.5 sec | 82.1 sec | 118.6 sec | 97.7 sec

ii) m1/m2=200/200

d1/d2 2/4 3/6 3/8 4/8
i=1 - - - -
i=3 44.3 sec 70.9 sec 21.9 sec 9.3 sec
i=5 342.7 sec | 410.8 sec | 880.0 sec | 200.0 sec

oooobooo g2000000000000000000D00O0O0O0D 3400 33000
gobobboooobobobooooobobbooooobobbooooobobboooooboobo
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i=1000000000000000000000000000000000000i=3,5
000000000000000000000000000000000000000400
0000000 :0000000000000000000000000000000¢=3
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000000000000000000000000 ml,m20000000000000
0000000000 0ml/m2=150/150 0000 ml/m2=200/200 000000000
00000000000000000000000000000000000000000
0000000000000000000000200%/150%2~ 18000000000 i=3,
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000000000000000000000000000000000000000000
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000000000000000000000

035000000000000000000000000 03300000 SCORE
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1. TSM sampling
in task nullspace 2. COG Balance check 3. Collision check
& local planner filtering —}

Front

Side

69/100 are valid 32/69 are valid 3/32 are valid
TSM eval 0.020 [s]/100 COG balance 0.0017 [s]/69 Collision 0.015 [s]/32
local planner 0.045 [s]/100 Total: 0.090 [s]

O 3.7. Sampling in task redundancy space and filtering for balancing and collision
avoiding. 100 sampling took 0.090 seconds, and 3 feasible solutions are found.
(reprinted from [20])
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O 3.8. Reachability map of the right arm and the reaching postures are shown. Red
spheres are in unreachable positions, and green spheres are in reachable positions.
(reprinted from [20])
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EJTG optima:  Initial state: PJTG optima:
Objective: 1.23 3.32 1.55

19

Time [ms] | Iteration |Rate [%] -Time [ms]|Iteration | Rate [%]
Total 12.48 100 100/ |Total 7.60 100 100
Initialize 0.08 1 1| |Initialize 0.08 1 1
FK 1.26 100 10| |FK 1.44 100 19
ID 1.27 100 10| |ID 1.34 100 18
QP 1.46 100 11| |QP 1.60 100 21
EJTG 5.45 100 44| [PJTG# 1.05 100 14
J# 2.62 100 21| |J# 1.68 100 22
else 0.34 - 3| |else 0.41 - 5

0 3.9. The Exact Joint Torque Gradient (EJTG) is a bottleneck in the posture opti-
mization process. In contrast, the Pseudo Joint Torque Gradient (PJTG) is not

a bottleneck and accelerates the optimization process.
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N?000.00000,0000 O(N2)DDDDDDDDDDDD.3.3.3.1.2[||:]|:||:||:||:|
O(N?) 000D000000000000EJTGOOO00 ON?) 00000000000
0000000000000 000000 O(N)ODOUDO0OD0O0D0O0OD0OUOO0O,00000
dddodooooobobobobbboooooon

000000000000 000,00000000000000000 O(N)0DDOODO
O00000000PJTG: Pseudo Joint Torque GradientO OO OO0 O PJTGOOOOOO
ggouoobbbooooooo, b guobobbob b0 oooooobooboobon
O0o00000o0oooOoD. PJTGUOOOOODODOODODODODO0O0O0O0OO0OOOOn
Jooodoooooobobobobobobobobboobobboodddooooooooooooo oo
g, 0fdgbdboboogob, g0 ooob b ooobbooooonno
ggodoooooobobobobobobboooooooda

0o0ooooooooboooooooooooooooooooooooooooooag,
0000000000000 000000D000oooIK-Qp000o0O0OO0oOoO0OOoOOoOoon
000000000000000000000000O0 (IK)ODOooooooooooooo,
ggooboboooooobboboooob. oo,bbbooooobbbuooooobobn
000000000000 (QP)0000,00000000000D0O0IKO QP, 0000
dooooboooooobobooooobobboooooobbooooooo. og,oon
0000000000000 0000000D. IK-QPpOO0O0OO0 48 000000oo
ggodooooooobon

331 ODO00ODOO0O0OO0OO0ObOOoboboOobOoobon

gboboobooobog,gbbooobooboboobbooboon.

3311 000000000000000000000000

00000000000000(72)[34)[73) 00000000000000000000O0
0000000000000000000000000000000000 [74)[75][48) 0O
0000D00000000000000000000000000000000000000
00000 [76) 0000000000000000000000000000000000
000000000000000000000000000000000000000000
0000000000000 0000000000000000000000,000000
00 FOOOOODOOOO A0 34)00000.
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_(Mi_Fi‘f‘FiO) < Fi < (Mi—i_Fi_“FiO) (34)
00 4o 00 0 i
00 u/ 00 0 fr°
+ o0 b 000 o_ 20
M7 = OOlfOOO’Fi_ n2o
00 I 000 nY’
00 w2 00 0 nz0

0340000000000DOO0DO0ODOOODOODOOODOODOODO 420000
DDDDDDDDDDD.FiDDDDDDDDDD7MiiDDDDD (ke py) DOOOOO
(s 1l,) 000000, Fp000000000000000000O0O0O0OO0OOOOOOOO
OO0OO0OO0OO0O0O00. by O unilateral DO 0O bilateral 00 000000000000, 00
o0o00oooooooooooO0 b =0, =inf000. 031000 340000000
gobooooboo.booboo,oboo,o0bo,boobboobooo.

0 3.10. Examples that illustrate (clockwise from upper-left) point, line, plane, and grasp
contacts.



50 030 0O0U0UOUoOoOopoooOoOoOoUUOUOODOOoOoOoOoOd

33111 000

031000000000000.00000,0340010,=10,=0000,000000
oooboooobobbooooobooooobob oo booooboboboo.oooo
gooooboo,oobbooobooon

33112 00O

031000000o0boo0oboO0o. oboooooooo0boOooUOoUOnD +20000ODO
000oo00ooodo0yO0OoOO0O0DODOO0O0ODODOOOOOO0OD 340017, =0000,00
gogobooboboboooooooobbobbooooooobooobbbooooooooo.
gboooobogoboobg,obbuodb z000000000DO.

33113 0OO0OO0OO0O

03lo00obodbgoboooo00. obobobooboooobo,boboobobooog
googoooooooog.

33114 0O0OO

03.100000000000000. 000D000,00000D00D000.0000DO0
0000000000000 (Fo)OODOOoDoOoD

33115 0000

000000000 M*OO0O0000 M** 00000 Eq34000000000000
doo0o.joboobooobooobooo.

3312 OJ0O0OOODOOOOOOO
gogggoo,goooooooobboboobooboo,bbbbbbobobbbbooogggg

g, jb0booobbooo,obbooobboooobboobobbooobobbooo, b

0000000000000 00 (D0OD0)00000. 000000000000 oO0

33121 0ODO0O0OO0OODOOO

00000000 DO0OD0O0D (77 (78 0000000 431 0000000000000
gobooobooobobooobbooboboooboboobobooob. oobbooo
00000000000000000 qU00O000000000 000 (Kinematics) O
gboooobogbooon.

x = Kinematics(q) (3.5)

goo,bodbbooobboodb z;0,00000000 a:?DI]D e 0000000
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ogoooooooo.
Vi las — x| < e (3.6)
OO0, 0000000000000 000000O000D00000O0O0 Jooooood
odododooooooooooo
& =Jq (3.7)
Ododoodoooooooooooooooooooon 3.9)DDDDDDDDD4.3.1DD

gdodoooooobooboboboooooooooooooooooooooooLDboboD q
gbooboogobogooboobog

g=J%c+(E—-J"J)z (3.8)

O0O0O0EO0OO0O0OO0O0O0O0O0D0z000000000J# 000000 JOOOOOO
dbbdzOOoOobOooobooboooboobbooboobbooboooboonD =
gbo0obo0oboooooooooboobooooboobDobDobobz0b0b0obo0 oobobbooo
0000000000000 0000D00000000D SR-Inverse [79) 00000000
00000000000 3322000000

. Root link O Contact link

O O
00O

(a) Root link = right foot (b) Root link = pelvis link

O 3.11. Kinematic chains of the robot, with each arrow connecting a child link to its

parent link.

0000000000000 000O000DO00DOU00O0O0D0O0 311(a)00000O0
odoooobooboboobbo0oboooboobobooboooboobobooboon
gobooobooooboobboobooboboobboobooobogon
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33122 0O00O0O0OO0OO00O0ODO

0o0000oo0o0oU00oooo00oooooU0D w0 KODODOO0OO F;O0,000000
ooopooood l—-k000 w, 00O00OO00OO0OODOOOODOODOOOODOO J;000
O000000000. 00000000000000000000Odynamics 000000
gooooooooogoooobooooodooooboOobooOooO 43.100boU0oDo
goog

_ T,.,.
T= Zie[o,l)Ji w; (3.9)
= Dynamics'(q,q,q) + Zie[o k)JiT F, (3.10)
Vieo.r); Fi=w;

gooo,0o0fdboo0ooobdbooo,b0oo0oo0ooo00d ay,y,z, 00000 F
ooooo0oboOooboooboooobooboobooooo 3.110o.

ZG(fﬂz)Fz + G(c) [mg™, 0T)T =0 (3.11)
1 0 0 0 0 O
0 1 0 0 0 O -
0 0 1 0 0 O !
0 —x 0 1 0 =i
—Y; T 0 0 0 1

000 =,y;02z 0 ¢ 0000000000000000O00F; O0OO00OOQOOOOOOO
oooboobooboobodombOOOCOOO0OO0OO0OO0 gOUODbODODODOD 31100000
OO0 310000000o0doobooo s11goboooboobogobodoooooboooDo
good

33123 0U00OOO0ODOOODOOOOOOODOOUODOOOOOOOD
goboobogoboobboobboobooooboo

Tmin S T S Tmazx (312)

33124 00000O00O0O00ODOOOOCOOCO
D0o0oO0000ooo0ooo F=[F---FL,)7.003400000000000

332 ODO0O0O:J0b0b00o0obuoboboobooboon

3321 000O0OOOOOOO
0000000000000 ODOoOoOoOoOoOODDDOdBRLV: Body Retention Load Vector
[48000000BRLVODODOODODOODOOODOOOOOOODODODODOOODOOODO
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gboooobogobood

T = ( T’LJ

where, _ T
F, 1*1'1

mazx *

(3.13)

..)T

..)T

N (Fz'rjnaac

BRLV 00 3.11(b) 00 0000000000000 ODDOOO000OOOOOOOO0
000000000000000000000;000000000n,;0 j0000F;0
j000000000000000000DCO000D0O0O0O0ONDN0NON0OOOONonn
0000 3.1200000000000000000000000000000000000
0D000000000000000000000000000000000000 3400
O000000000000000000 F, 0000000000 BRIVOOOODOO
O00000000000000000BRLV 00000000000000000000
00000000 F™ =MFS'+F0000000000000000000000
Fest=100500007 000000 FS'=[005000007 O0DOO0OO0OBRLV 00000
00000000000000000000000000000000000000000

BRL),, 0ODOOO0O0ODDOOO0 33.100000000000000000000000
3140000000000000000000000 ¢ 0000000000ODDOOO
0 F=[F---F,,]0000O

ming r : ZiBRL'viTBRLvi
s.t. Vi; x; = Kinematics(q)
Vi |l — x| < e
T = Dynamics™'(q,0,0) + ZZJzTFz
Vi;— (M, F, + Fyy) < F; < (M F; + Fy)

Tmin < T < Tmaz

> G(z:)F: + G(e) [mg”, 07" =0

(3.14)

03140000000IK-QPO0O0O0O0O0O0O0 3.1400000000000000000
0000000000000 00bOU0o0obO0oobO0oobOOo0oDOoO0DbOob0ODbOobOO 31500
3.1400000000000

ming : g .BRLUZ»TBRLUZ'
7

(3.15)
s.t. Vi; x; = Kinematics(q)
Vi o —ad) < e

[T, F]=QP(q)

00000 QPOOOO0ODDO0OOO0OO0OOOODDO0OO0O0OO0OONONONONONDN000O
00000D0000D00000 [48),[80]0[75)000000000000000000000
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[25) 000000 Goldfarb-Idnani O [24] DO O0OO
QP(q) = arg min ZlBRLviTBRL'vi (3.16)
T F i
s.t. T = Dynamics™*(q,0,0) + ZlJzTFz
Vi — (M;Fi + FiO) <F; < (M:er + FiO)
Tmin < T < Tmaaz

Z:ZG(CI%)FZ +G(c) [mgT, 07T =0

0000000000000 00000 IKDOoUOoUoooooo QpooooooOO
do0odooobooooobooooboooooooooooooooooooooooon
OO00D00DO00D0000000o0DOoU0Dooooooooooooon SQP O Sequential
Quadratic Programming0 000000000 BIOIK-QP 000000 SQPOOODO
IK-QP 00D 0000000000000 00000000000o0oooooooooooon
O00QPOOO0OCOOOODOODOD +0000000000O0 FOOODOODODOOOOOO
oo oooooooon
0ddddooooooooobobobobobooboodddodooooooooooooo
000000000000 DO00oo0OoD 3150000000 BRLVOOODDODOOOoOOOOo
O soft constraints 0000000000000 0DO00OO0OODODODOOOOODOOOOO
doodooobodoooodooooooooooooooooooooon

3322 0J00OO0ODOOOOOOODOOODOOO
00000315 000000 IK-Qp 0000000000 O0ODOOOOO0OODO 10000
Oooo0o0o 1ooooooooboooooo

3.3.2.2.1 ‘“solveQP”
03160000

3.3.2.2.2 ‘“calcTorqueGradient”

cooooobooooboooobooobooboooooooOoobooboooooOooooboobooooOooon
oooooooboooooooobooboboon 333000000

3.3.2.2.3 ‘“calcForceGradient”
ggoddoooobobobobobobbooobobobbddddddooooooooon b
0000 3.40000000000000DO00DO0DO0ODOO0ODOODODODODODOOOOOn
0315 0000000000000000 3160000000000 00000O0O0ODO0O
0000000000000 00000o00o0DO0DOoDOoooDoD QPpoOOODOOOOO
ggodggooooobbobbobobooobobbbbudddioooooooooobn b
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Algorithm 1 IK-QP iterative method

Require: q, x, F,T
q: Initial posture. : Target contact coordinates.
F: Contact force constraints. 7: Joint torque limitations.
Variable: .
F': Contact force. 7: Joint torque.
Fy: The best F. 7,: The best 7. gqp: The best q.
Jr,vg: Contact force gradient matrix and desired velocity.
Jr,v;: Joint torque gradient matrix and desired velocity.
Procedure: IKQP
1: repeat
[T, F] < solveQP(q, F)
[J¢,v¢] + calcForceGradient(q, F', F)
[J-,v,] < calcTorqueGradient(q, F, 7, T)

q + inverseKinematics(x, J¢,vyf, Jr,v;)
6:  [qv, T, Fp] < updateBest(qy, 7, Fy, q, T, F)
7: until loopLimitExceeded

8: return [qp, T, Fp)

gooboobogbboobobooboobboobboobooboboobboooboon

o000000o00obOobOOobobo 311oo0ooo

S Gleor (109 ) =0

=Y Gla:) AF, - ( 0 ) Ac=0

mg X

cooooobooobooooooooboooboooooboooboo

Ac = < mgx >#ZiG(azi) AF,

(3.17)

(3.18)

(3.19)

D000 AF, 0 BRLy, 0000000000000 00O00000O000 1000w;0
AcO J; 0000000000 3180000000000 3x600000000 [0;mgx]
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0o0,1,2,500000000000003,400000000000D00O0DORO

0 # 0 0 0 —1/mg 0 0
<m X) =100 0 0 1/mg 0 (3.20)
g 000 0 0 0
- 0 2 0 —1 0
0 1 =i i
a; - 0 -z yw 1 0 o0 (3.21)
i mg 0O 0 0 0 0 0

goooobogoboobbooboooboobboobooobooobooboo
gbooboobogbbooboboooboobobodbboobuooobooboboooboon
0000000000z 000000 AF;0 0,1000000000000000000
gobooobooboboobbooobooboboobbooboooboobbooboOon
gooooobuooboooobod »,y; DO0DDOO00O0O0OO0OD0DOO0ObOOODObOOo0ODbDOOn
goobogobogbboobboooboobbodbboobuoooboobobooboon
000000000000 1000000000000 0obO0oO0D0ooODooOooOooDoooo
gobooboogooboog

3.3.2.2.4 ‘“inverseKinematics”
gobbobodoouobbodoobobbuoooobb oo 0000 n
000000000 0000000000000 000000DO0O00DO0OOO0oOoOo
lisp 000DO00 euslisp [43][44) 0000000 0O0DOOOOD C++000000000
O0O0OOeuslisp D000OO0O [18)00000000O0OOOOOOOOOOOOOOOOO
000dodooooooooooobooboobobooddddoooooooooooooo
000000000000 000000D000000D00000 tnverseKinematics 0 x
gdodooooooboboboobbobobobbooduououooooa

q+Aq=q+ I} va (3.22)
J A
Jau=\ Jr |, var= vy
J, v,

00000000000000 =z—-20000000000we, v, 000000000
gooooboooboobboobboooboobbuoobboooboobobooboo

~1
Jh = (JauWda) — JayW (3.23)
W =diag(E,wfE,w, E)

Jg;lWJa”DDDDDDDD SR Inverse [79] D00D0OO0O0O0OO0 FOODOOOODOOO
goo md—mDDDDDDDDDDDDwf,wTDDDDDDDDDDDDDDDDDDDD
gobooobogoob o0lOOOOODOO0OOUODOOOOOOUODOOOODOODOODO

0000000000000 0oo000ooO000DooPJTGOODOOOODOEJTG OO
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goooodoooobobobobobobbbobboddoguouooooa
-1
Aq:Jng (Jall']g;l) W’Uall (3.24)

gooboobooboboobboobboooboobboobboooboobobooboo
ooo s000d

3.3.2.2.5 "updateBest”
00000000o0dooooooooooooooooonog qp,m,F, 0000000
dobodooobooooobooooooooobooooooooon

333 000000 0OO0Ooooboboon

O00000M0O EJTGOOOOD0DO0DO00D0D0O0000O0OOOOO 10 calcTorqueGradient
000000000000 0000EJTGOOOOO0OO0O0O00 3.3.3.1 00000000
0000000000 PJTGOOOO 33320000000000003.3.3.303.3.3.40
goooooooooobooobobooo

3331 O0000OO0OO0OOOO0OOO0O0:-000D0D0O0
33311 BJTGOODO

gooboboooboboobooooobobboooobobbooooobobbooooooboobo
oboobobo 0 039000000 DbD0ObDObDODOb

— ggT ( "9 T
T_ZiE[O,N) Ji ( 0 >+Zie[o,k)J’ F (3.25)

DDDDQJ?D ;oo0oboboobooboboboooooooooooom; O 2000
gboboodgbbgbOOO0ObOO0o0ODbO0ObLbOOo0ObbOOoDObO0ObDbOo0obboOoOoDbOoOon
goboooo

- <N§1 mf’ﬁ) < 9 ) (3.26)

OO00ooooo EJTGooooogo
ai_z 39-]? mig
dq 4—iclo,N) Ogq 0
oJt
+> L F, (3.27)

i€[0,k) dq ‘
0000000 EJIGOOOO0OO0Ooooooooo

oty o9Jr g
dq (Zie[o,mm’ dq ) ( 0 > (3.28)

[82], [71]0[34 0 0000000000000 O000000000003.36100000
000000000000 3.33.1.2000000000000
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33312 BJTGOOOO

0320000000000 NxNx600000000d9J7/9¢g0 NODOOODO
00000000 O(N3) 000000000000 (83]0000000000000000
0OON)ODOD0D0000000ODOODDO0OO0OO0000REJTGOOO000 O(N?)ODODODO
0000000000000000 A0000000 NOODOOOOODOOOOO0OO0O
000000 EJTGO 3270000000 ON)DODODOOOOOODOO0OO00000O0OO
000032000000000000000000000000000D000O00OO0O0
0000000000000 00000000000000000000000000000
0000 (qx;,7 €1[0,0),0<ko <+ < k1 <1)

l .0
0'cs

—— =aj, X ---ay x (e? — p? 3.29
anO - 8le,1 ko ki1 ( () pkl—l) ( )

O0000¢ 0000000 oOODOOOOOOOOOOOOp 0000000 o0O0O
obooobobobudobbey 0000000 oOOOOOOOOOOODOOOODOOOO
Obd:<70 000000 jOODOODOOODOOOODOODOODOOOOOOUOOOOOO
0000000000000D (3290000 336100000000

0000032800 000000000000O000OO

N-1 1 o
0'cs

m;y = 3.30
D Mg g (3.30)

i=k;_1

N-1 N-1
=aj xX---ap_, x ( Z m;c) — Z mipzlil)
i=ki_1 i=k;_1
033000000 *¢f =Yg mcg 0 *my =3, m; 0000000000000
D00O(N)D000000000000000000000 3.2800003.3001=20
D00D0000000000000000000 ko,ki € [0,N) 00000000000
0000000000 N~300000000000000000000000000000
000000000000000000000

03120 EJTIGODOOOOOOOOOOOOOOODDOODOOODDDOOOOOoOooOOo
gad %DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
JgopoooopoooooooboooooooooooooobbooooboooDobooo
000000000000 00000000 180000000000000 NxNOOO
0000000000000 00000000 9N(N—-1) 0000000000000 oOo
goo

00 EJTGODODOOOOO0OO0O0D0O0D000000000000000 3130 EJTGOO
goooobooboboobboobooboboobbooboooboobbooboon
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+3
=N (N-1)/2 elements =18 multiply
Total: 9N(N-1) multiply

0 3.12. EJTG computational complexity analysis for the gravity force term. Because
this term is a symmetric matrix, it is enough to compute the lower triangular
part (3;c0,n @ = N(IV —1)/2 elements).

97T ((a¢ x a2) x (px —1;))" fi
/) / | |
og " +15
+1 ~(a} x (a? x (m; =) Fi
: G.) | 415
N + (a; xaj) ny (6if)
< +9
= (N-1)(N-2)/2 elements 39 multiply
k contacts Total: 39/2k(N-1)(N-2) multiply

0 3.13. EJTG computational complexity analysis for the contact force and moment term.
fr is the 3-dof contact force of k-th contact, and ny, is the 3-dof contact moment.
Because all elements of upper triangular part are zero, it is enough the lower
triangular part excluding the diagonal elements (3_;c (o ny @ = (N —1)(N —2)/2

elements).

0000000D0000000000000000000000000000000000
00000000 3120000000000000000000000000000000
3362000000000000000000 39/2k(N—-1)(N-2)0000000000
000000000000000000 9N(N —1)+39/2k(N—-1)(N-2)0000000
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
000000000000000EJTGO SRInverse 10000000000000000
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O0001) as follows:

Aq:<8T>#AT (3.31)

0000 33100000 OW?)0DOOOD0DODOOEJTGOOOODO0OO0O 94 39/2k
000000 333.120000000000000000000 N=3000 k=40
0000000000000 SRInverse 0000000 NxN?2=30xN2000D0OO
9+39/2kx N2 =87Tx N2 000D

3332 00000000000:0000000000000

0 333.1.2000000000EJTGOOD0O00 O(N?) 000O0O0O0OOOD0O0000OO
00000000000000 O()OOOOEJTGOO0000000000000000
00000000ON)00000000000000000 PJTGOO000000000
0000000000000 00000000000000000000000000000
0000000000000 000000000000000000000000000 "F;
ooooOn=J;7"F, 00000000000

Vi, TF; = (J;T) T (3.32)
0000w~ 0000000000000O00O0O0 3.11(b)D000000OOUOOUOOOOO
000 :00000000000000D0O000O000D0O00O0O00ODOO7F; 00000
DDDDDDDDDDDDDDDDDD@DiDDDDDDDDDDDDDDDDDDDDD
00000000000000000O00O0O0O00O0O0 3.11(b)D0000O0O0OOODOO
0000000000000 000000000 3.11(a) 0000000000000 0OO0
0000000000000000000000000000000007F,; 0000000
000dddOo 3.1800000O0O0O0OO0O0O00000o0oaoa
Jdc
i OF;
doodoooboooooooooooooon

Ac = ATF;
Ac = J.Aq (3.33)

000o0J. 0000000000 000DO0000O00DO0DO00oOO0oDOoDOoDOooOgn
O0000000000oooooooo0o PJTGOO0O00OOODOO0O0OO

or’ dc - #

T g# —— (J;#* 3.34

= (X, gp @ (3.31)
0334 0000000000000 0bOobO0o00o0obOoo0ooooooooooooa
aooo

Aq:JfE:igg(LTﬁAn (3.35)
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0000000000 10000 calcTorqueGradient 000 PJTGODOOODOOOO
00J, =J.0v, = 3, 2¢ (J;")#Ar. 00 PJTGOOODO0O0O0OO0 3.14000

i OF;
ooooooo

) —  O(xy)

" dc  rpe )
J{l Za @ (-Il ) (ST;. (X < y)
2n1:
3 6 Ni T\ # Ni O(6°Ni)
o I I ()7 e (6 < Ni)

T6xN 2
= Noxk g ([3] 0@
|  3x6 : (3<N)
I +Nx3
Total: 9N+18k multiply Total: Order 45N

0 3.14. PJTG# computational complexity analysis, with the left half showing the mul-
tiplications and the right half showing the inverse calculations.

000000000000 0000000000000000000000000000
0 NOODODOO k0000000000 J; 00000 N, (N~Y,,N,)00000xzxy0O
00 yx2000000000Oxxyx20000000000000000000 3.350
OD0OO0OONx6,3x6,6xN,, N;x100O0O0ODOODOOOODODOOOOOOOOOO
S, (6XxN;x1+3x6x1)+Nx3x1=9N+18 0000000000000000O
00000000 O(N) 0000000000 00000000000000000000
000000000 J; 00000000 J. 00000 O(N)OO0D0O0oDOoo00o0oooo
D00000000000000002zxy 00000000000 x>y 000 O(xy?)0
y>r000 O(2?y) 0000000000000J.03xNDOOOJ;06xN,0000
0000000000 OB%N)+>,0(6°N;) =0(45N) 000000000000PIJTG
0000000000000 54N+ 18k 00000 0OEJTG 0000000 OOOOO
00 NODOODOOOOODOEJTGOOODOODOO 9439/2k000000N =30
00 k=400000(9+39/2x4)x30x30=25650000000000PJTG O
54x30+18x4=1692000000000000000000000000000000
PJTGO EJTGOOO0O0OO0DOO0DOOOOOODOOOOOODODOOOOOOODOn
Do0ooOo000ooo0on
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T T T 10
"EITG_inverse(k=1)" mm B
£ "EJTG_inverse(k=2)" «ue 2 g
"EJTG_inverse(k=3)" wmm 5
£ "EJTG_inverse(k=4)" g 6
(5]
g
=
S
g
=
g- 2
o}
‘ &)
4 8 12 16 20 2 28 0
Joint DOF
1. Inverse of EJTG
T T 10
EJTG(k=1)’ — B
BITG(K=2)" wereess %
EITG(K=3) s 5
"EITG(k=4)" %
g
g4
E
H
g
oubi (=}
et i i )
4 8 12 16 20 2 28 0
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0 3.15. A comparison of computational times of the EJTG and PJTG with respect to
the total number of joints. Here, k indicates the number of contacts, with: k = 1:
arm only; k£ = 2: both arms; k¥ = 3: both arms and right leg; and k = 4: both
arms and both legs.
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mg X

J = [']07"' 7Jk—1]

0339000000000000000 (3.340000U0UDUDOO

) () e

mgx
~agr( 0 #§ Gy (3.40)
e\ mgx i Nt :
de or'\"
_Jg#* FTv# | 9T
JEY or 1) <8q> (3.41)
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QI = nﬂf?#( 0 ).Q Total multiply:
dq mgx 3NN + 18N
v N
No| © ., ok| 3 s M
. 3 T
Nk Constant

I +Nox6x3+:-+Nkx6x3 = 18N
i +NxNx3

O 3.16. PJTG computational complexity analysis. Here, if N = 30 and k = 4, the total
number of multiplications is 3240, which is approximately eight times smaller
than that of the EJTG.
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O 3.17. The relationship between EJTG and PJTG norms with random configurations.
Blue line is the regression line of EJTG norms and the upper bounds of PJTG

norms.
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Objective: 0.8 Objective: 1.1 Objective: 0.9 Objective: 0.8 Objective: 1.0

0 3.18. Generated feasible postures with both legs as contacts (i.e., k = 2 and N = 12)
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O 3.19. Generated feasible postures with both legs and a left arm as contacts (i.e., k = 3

and N = 21)
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O 3.20. Generated feasible postures with both legs and both arms as contacts (i.e., k = 4
and N = 28)
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1. k=2,N =12 2. k=3,N=21 3. k=4,N =28

O 3.21. Total number of feasible solutions/that of global solver. The leftmost image
shows both legs as contacts (i.e., k = 2), the center image shows both legs and

left arm as contacts (i.e., k = 3), and the rightmost image shows both legs and

arms as contacts (i.e., k = 4).
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0O 3.22. Average objective value of feasible solutions/that of global solver. The leftmost
image shows both legs as contacts (i.e., k = 2), the center image shows both legs
and left arm as contacts (i.e., k = 3), and the rightmost shows image both legs
and arms contacts (i.e., k = 4).
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O 3.23. Total iterations of all four algorithms, i.e., IKQP-PJTG, IKQP-EJTG, SLSQP-
EJTG, and SLSQP-PJTG. The leftmost image shows both legs as contacts (i.e.,

k = 2), the center images shows both legs and a left arm as contacts (i.e., k = 3),

and the rightmost image shows both legs and arms as contacts (i.e., k = 4).
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0 3.5. IKQP-PJTG (k =2, N = 12) 0 3.6. IKQP-EJTG (k =2, N = 12)
msec % + SD msec % + SD
Total 2.7 | 100.0 £ 0.0 Total 3.4 | 100.0 £ 0.0
FK 0.6 | 24.0+ 2.7 FK 0.6 | 19.1 +1.7
1D 0.7 249+ 23 ID 0.7 | 20.6 £2.1
QP 0.6 | 23.0+t5.5 QP 0.7 | 20.5+4.38
PJTG# 0.3 | 11.8+14 EJTG 0.8 | 233+21
J# | 03] 106 £1.6 J# | 04| 121+£19
81.0 Iterations 81.0 Iterations
0 3.7. SLSQP-PJTG (k =2, N = 12) 0 3.8. SLSQP-EJTG (k =2, N = 12)
msec % + SD msec % + SD
Total 7.6 | 100.0 £ 0.0 Total 9.6 | 100.0 £ 0.0
FK 1.3 | 16.7 +6.5 FK 0.7 74+ 23
1D 0.5 6.7 £ 2.6 1D 0.3 29+£09
PJTG 0.2 2.2+0.8 EJTG 0.7 7.3+ 2.7
SQP 5.7 | 745+ 9.6 SQP 79| 824+5.0
58.8 Iterations 66.2 Iterations
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0 3.9. IKQP-PJTG (k = 3, N = 21) 0 3.10. IKQP-EJTG (k =3, N = 21)
msec % + SD msec % + SD
Total 5.1 | 100.0 £ 0.0 Total 7.7 | 100.0 £ 0.0
FK 0.8 | 15.0 £ 3.2 FK 0.8 9.8+ 14
1D 1.2 | 228 +£3.0 ID 1.2 | 1574+ 2.3
QP 1.9 | 36.3+94 QP 20| 262+76
PJTG# 0.5 | 10.0 £2.1 EJTG 2.6 | 33.7+46
J# | 06| 11.8+28 J# | 09| 120+23
81.0 Iterations 81.0 Iterations
0 3.11. SLSQP-PJTG (k = 3, N = 21) 0 3.12. SLSQP-EJTG (k = 3, N = 21)
msec % + SD msec % + SD
Total | 23.9 | 100.0 £ 0.0 Total | 32.9 | 100.0 £ 0.0
FK 14 5.8 + 24 FK 0.9 2.7+ 0.9
1D 0.8 32+ 14 1D 0.5 14+ 04
PJTG 0.3 1.4 + 0.5 EJTG 2.8 8.6 +£ 3.1
SQP | 214 | 89.6 £4.1 SQP | 28.8 | 87.3+£4.2
69.1 Iterations 75.9 Iterations
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0 3.13. IKQP-PJTG (k = 4, N = 28) 0 3.14. IKQP-EJTG (k = 4, N = 28)
msec % + SD msec % + SD
Total 9.0 | 100.0 £ 0.0 Total | 13.4 | 100.0 &+ 0.0
FK 0.9 9.7+ 2.6 FK 0.8 6.3+ 1.1
1D 1.8 ] 194 4+ 3.8 ID 1.8 | 13.5+ 29
QP 4.3 | 472+ 9.6 QP 4.4 | 329+ 86
PJTG# 0.7 8.2+ 22 EJTG 45| 339=£59
J# | 12| 128 £ 34 J# | 1.6 | 116 £25
81.0 Iterations 81.0 Iterations

0 3.15. SLSQP-PJTG (k = 4, N = 28) 0 3.16. SLSQP-EJTG (k = 4, N = 28)
msec % + SD msec % + SD
Total | 53.6 | 100.0 £ 0.0 Total | 68.2 | 100.0 & 0.0
FK 14 25+ 1.0 FK 1.0 14+ 04
1D 0.8 1.5 £ 0.7 1D 0.6 0.8 £0.2
PJTG 0.5 0.9 £0.3 EJTG 4.9 72+ 24
SQP | 50.9 | 95.0=£ 18 SQP | 61.7 | 90.6 £ 3.0
73.3 Iterations 77.5 Iterations
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3.10,and 3.14) 00 EJTG OO0O0000000000000O0O00O0OOOIKQP-PJTG OO
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00,0000000000000000000000000000000000
00,0000000000000000000000000000000, Table 3.17,3.18
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msec % + SD

Total 7.5 | 100.0 £ 0.0
FK 0.8 | 11.3+2.2

1D 1.3 ] 174 4+ 3.3

QP 3.3 | 43.5 £ 10.5
PJTG# | 07| 9.6+ 18
J# | 11| 149 £3.0

81.0 Iterations

0 3.18. IKQP-EJTG (k =4, N = 28)
msec % + SD
Total | 11.8 | 100.0 &+ 0.0
FK 0.8 7.0+ 0.9
1D 1.3 11.3+14
QP 3.4 | 28.6+ 84
EJTG 4.5 | 377+ 4.7
J# | 16| 132+21
81.0 Iterations
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IKQp OO Ooooooo.
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420

0 3.24. Average minimum manipulability of all limbs (i.e., k = 4 and N = 28) of feasible
solutions. Here, the SLSQP has lower manipulability than that of the IKQP.
Further, the PJTG has a slightly higher manipulability versus that of the EJTG.

Omin = MiN ( det(JoJoT), - -+, det(jk_ljkzl))

(3.44)
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Fig. 3240 k=4,N=28000000000000,0000000000000000
000000000000000000000000000.
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0 3.25. Example postures with low manipulability, generated by the SLSQP-EJTG; the
IKQP-PJTG solutions for these contact states were all infeasible.
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SUCCESS RATIO
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SUCCESS RATIO

SUCCESS RATIO
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0 3.26. Total number of feasible solutions/that of global solver. Left image shows both
legs contacts (k = 2), center shows both legs and left arm contacts (k = 3), and
right shows both legs and arms contacts (k = 4).
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O 3.27. Average objective value of feasible solutions/that of global solver. Left image
shows both legs contacts (k = 2), center shows both legs and left arm contacts
(k = 3), and right shows both legs and arms contacts (k = 4).
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O 3.28. The distance between both legs largely change the walking motion and evalua-
tion.
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(a) Pelvis width offset 0 mm (b) Pelvis width offset 20 mm (c) Pelvis width offset 40 mm

(d) Pelvis width offset 60 mm (e) Pelvis width offset 80 mm (f) Pelvis width offset 100 mm

0 3.29. RMS (Root mean square) of joint torque of all joints are visualized with respect
to pelvis width offset from Omm to 100mm. Left foot is fixed in the origin, and
right foot is placed in 600 mm x 500 mm square. Right leg is support leg and
exterts all contact force to support whole body weight. Gray means there is
no feasible solution, Red and green means there is some feasible solutions and
the RMS of joint torque is visualized with RGB=(RMS, 1 - RMS, 0). Hense,
color is green if RMS=0, color is red if RMS=1(100 Nm), and color is yellow if
RMS=0.5. Long pelvis has large reachable reasion, but green area is small. In
contrast, short pelvis has small reachable reasion, but green are is large.
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0 3.30. This graph shows the maximum support leg forwarding distance with respect to
threshold of max joint torque. Vertical axis shows support leg forward distance,

and horizontal axis shows threshold of max joint torque ratio. With threshold
less than 0.5, short pelvis robot could move support leg forward largely.
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Output:

Sequence of Feasible contact and robot states

Input:
Goal State

Robot model

Environment

Contact transition strategies:
Detach

O 4.1. Our goal is to generate a sequence of feasible robot motions and contact states
with given robot model, enviroment model, and goal state. Our planner is novel in
that it switches multiple contact transition strategies according to task objective.
(reprinted from [36])
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NO YES
Contact transition strategies switch endOfBehavior ———»
A ? Behavior:
selectMotionPlanner| Motion Motion1, Motion2,,,
| Motion planners Contact state candidates Robot & environment
.......... caIIMEmonPIanner ....................................................... ¢ ....................................................................................... #
detach-type slide-type rotate-type 5
Contact state search Contact state search Contact state search

Contact state

Motion search Motion search Motion search

O 4.2. Overview of ‘planner-before-motions’ framework which uses given candidates of
contact states and models of robot and environment, and which selects mo-
tion planner and generates motion while ‘endOfBehavior’ function returns false.
(reprinted from [36])
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Algorithm 2 Pseudo code of behavior generator involving contact transition strategies

switching (reprinted from [36]. )
Require: M, S, Sipp, s, B

M: set of motion planners.

S: set of successful robot and contact states.
Simp: tmp set of robot and contact states.
s: current robot and contact state.
B: visited set of motion planners and contact states.
Variable: .
m: selected motion planner.
s': robot and contact state.
S’, S": set of robot and contact states.
Procedure: genWholebodyBehavior
if endOfBehavior(S) then
return S
else if loopExceeded(Sty,y, M) then
return genWholebodyBehaviorTmp(M,S,S¢pp , B)
else
m < selectMotionPlanner(M,s, B)
(s', 8") « callMotionPlanner(m, s)
if isGoodEnoughMotion(S') then
S" « genWholebodyBehavior(M,[S'S],0,s", B)
if endOfBehavior(S") then

return S~
end if
else
push((s’, S'), Stmp)
end if
return genWholebodyBehavior(M,S,Simp,s, B)
end if
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Algorithm 3 Pseudo code of callMotionPlanner. This function is based on the ‘contact-

before-motion’ approach (reprinted from [36])

Require: m, s

m: selected motion planner.

s: current robot and contact state.
Variable: .

¢’ set of selected contact state.

s generated robot and contact state.

S': set of robot and contact states.

C: All candidates of contact states.
Procedure: callMotionPlanner

C + getCotnactState(m)

¢+ selectContactState(m, s, C)

removeCotnactState(m, ¢)

(s, S") « generateMotion(m, s, ¢ )

’

return (s, S)
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OO0000000C0000List4.100000004.100000000D000

arg max @ H (4.1)
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FiBRLV = w; /w4 JZ‘#Ti/Timax (4.2)
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h(p,n) = ( pzn >Tzl < p?x ;]3 )EBRLV (4.3)
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hy = h(p,n) (4.4)

b — h(po,ny) hasContact(l)
37 0 else
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ho = d" (p — po) (4.6)
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goooobogobboobooobooboboobbooboooboobbooboon
00000000000 Algorithm4 0000000000000

Algorithm 4 Pseudo code of selectContactState (reprinted from [36]).

Require: m, s, C

m: selected motion planner.

s: current robot and contact state.

C: All candidates of contact states.
Variable: .

C': reachable candidates of contact states.

c: contact states.

c: contact state with the highest evaluation.
Procedure: selectContactState

C « removeUnReachableContact(m, s, C)

¢ + getHighestEvaluatedContactState(m, s, C/)

c < getContactStates(s)

¢ < swapContactWithSameLink(e, ¢)

return c
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0000000000000000000000000000000000000B-spline O
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List4.2. Conditions of feasible robot’s state
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Detach Transition:
Move; Target Contact (MTC) = hip link

—

contactO: contact1: contact2: contact3:
All contacts are active MTC is inactive MTC is moved and All contacts are active
inactive

Slide Transition:
Move Target Contact (MTC) = hip link

ﬁ—r

‘th--

contactO: contact1: contact2: contact3:
All contacts are active MTC satisfies slide MTC is moved and All contacts are active
constraint satisfies slide constraint

O 4.3. Detach/Slide transitions with 4 contact states.(reprinted from [36])

ooooboboobooboboooboobobooboboboobobooboobo
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Algorithm 5 Pseudo code of generateMotion (reprinted from [36]).

Require: m, sg, ¢
m: selected motion planner.
so: current robot and contact state.
c: target contact states.
Variable: .
co: current contact states.
Ccmp: contact states without contact wrench.
s1, S92, S3: robot states and contact states in contact1-3.
S: robot states trajectory.
Procedure: generateMotion
cp < getContactStates(sp)
Cmy < setDifference(cy, ¢)
s1 < robotStateOptimize(m, cg, Cmy)
if not constraintsSatisfied(s;) then
return ()
end if
Cmy + setDifference(e, ¢p)
S9 < robotStateOptimize(m, ¢, ¢my)
if not constraintsSatisfied(sz) then
return ()
end if
s3 + robotStateOptimize(m, ¢, 0)
if not constraintsSatisfied(ss) then
return ()
end if
S <« generateTrajectory(ss, s2, s1, So)
if not constraintsSatisfiedTrajectory(S) then
return ()
end if

return (s3, S)
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oooo.
bj’o(w) - { (1) Eighirfuijeggwmﬂ) (4.8)
bjn(z) = Nih (@ — ;) bjn—1(2)
+ (Tjtnt1 — ) bjr1n-1(2)} (4.9)
h=xT§:ZW1 (4.10)
vy = by 4 S omin — s (4.11)

BOOOOODOODOODOOOOOODOOOOOOO

M-1

Va; > bi(z) =1 (4.12)
j=0

V;0 < bj(z) <1 (4.13)

D00000BOODOOOODDOO00D0O000 ¢f) =Y 'pb(t) 00000

ooo
Vi pj<a=Vt q(t)<a (4.14)

00414000000000000000000000000000000O0000000
0000000
0000000000004150000000000000000 F, 000000000
000 [48]0

_(Mi_Fi+Fi0) < F;, < (Mj_Fi‘i‘FiO) (4.15)
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r, ) =P (Qk; G, Gr) + J (qr) Fi (4.16)

Tmin < Tk < Tmaz (4.17)
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gddbodooooooodooooooooooooooood
mmz FZ-Wkoi—i-w;‘chi (4.18)
Vi;— (M; F;+ Fy) < F, < (M;'F;+ Fy)

0 _ ..
Vk;< . > = Dyn"*(qx, gk, k) + J* (qx) Fr

Vi Tmin < Tk < Tmag
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O 4.4. Green arrows show the all
contact candidates and red
arrows show the contact
link candidates for standing
up behavior.(reprinted from
(36])

v=1000hRy 000047000000000 p, 0000000000000 O0O0O0OOO0
O0000000000endOfBehavior 0000000000000 O0OO0O0OOOOOODOO
00000 selectMotionPlanner 0 0 0000000000000 O0OOOOOOOOOOO
gogboooboobooboobbooboooboobobooboooboobbooboo
gooooooogoooog

0 4.5. Standing up behavior achieved in gazebo dynamic simulator world. (reprinted
from [36])
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Tablel Comparison between w/ slide and w/o slide

max

Time Output Searched | 7/T

w/ slide || 105.6 s | 8 contacts | 74 contacts 0.895
w/o slide || 170.2's | 9 contacts | 111 contacts 0.946

4232 000O0OO0ODOOOOOO

O 4.6. Contact state candidates
and contact link candidates
are shown. Green arrows
show all contact state candi-
dates. Red row shows goal
contact state and hip con-
tact link. (reprinted from
(36])
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O 4.7. Seating motions achieved in gazebo world. Because we used soft seat model,
robot’s hip is slightly buried into seat model. (reprinted from [36])
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0 4.8. Reachable map of hip link.
Gray tiles are all contact
candidates. Black tiles are
reachable contacts with
Detach/Slide switching.
White tiles are reachable
contacts without switching.
(reprinted from [36])
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NG: update friction parameter

| |

Planning Slide a little Execution
NG L oK oK

O 4.9. Experiment flow: plan motion, slide a little, and execute motion if the slide is
possible. (reprinted from [36])
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Thigh link is buried

O 4.10. Chair conditions: 430mm rigid chair and 60mm soft sponge. Sponge is soft
enough for ignoring the thickness. (reprinted from [36])
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Execution
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O 4.11. Experimental result of friction coefficient prediction and slide motion execution.

(reprinted from [36])
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O 4.12. Planned force transitions. Rx=Forward right leg force, Rz=Vertical right leg
force, Lx=Forward left leg force, Lz=Vertical left leg force, Hx=Forward hip
force, and Hz=Vertical hip force. Because robot’s model is symmetrical, both
leg force is completaly the same and the right leg force is hidden behind the left
force. (reprinted from [36])
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O 4.13. Actual force transitions.(reprinted from [36])
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gboobooobooooboooboo

Table4.3. All parameters used in this forward-kinematics section

pi i-th joint position in world frame

R; i-th joint orientation matrix in world frame
v; i-th joint velocity in world frame

w; || i-th joint angular velocity in world frame

v; i-th joint acceleration in world frame

w; i-th joint angular acceleration in world frame

pij || j-th joint position in i-th joint frame

R;; || j-th joint orientation matrix in i-th joint frame

a; i-th joint axis vector in world frame

a;; i-th joint axis vector in i-th joint frame

ooooooboobooobooobobo 41400000000
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Algorithm 6 Pseudo code of dynamics simulation

Require: i, At, t4z
1: root link id.
At: simulation time step.
tmae: Maximum simulation duraction.
Variable: ¢
t: current time sec.
Procedure: DynamicsSimulation(i, At, t,4:)
1:t=0
initSim (i)
3: while ¢t <t,,,, do
4:  procSim(i, At)
t=t+ At
6: end while

Y

o

Procedure: initSim(7)

7: InitializeAllVariables()
8: ForwardKinematics()
Procedure: procSim(i, At)

9: CalcForce(i, At)
10: ForwardDyanmics(4)
11: UpdateEuler(i, At)

12: ForwardKinematics()

43121 00000O0O0OOOODOOOOOOOOOO

0000000000000 414000000000000000004.22000000
googo

P1 = po + Ropor (4.22)
Rl — R0R016a11¢h

000000000000 000000000000D00O00D00O04.230000000000

Di = ; (4.23)
Rl:waRZ

Oo0oo00ooooooooo0o0oOoo424a4000000000OO
ZTo 0 —I2 I

zr=| =1 |, txR= T2 0 -z |R (4.24)
i) —I ZTo 0
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ID: 0 1 2

World frame

O 4.14. Link tree: p; is i-th joint position, R; is i-th joint orientation, and p;;, R;; are

relative j-th value seen from i-th joint.

00000000oD4.2200000000000000000000000O000DODOO0ODO

P1 = Po + Ropoi (4.25)
= vo + wo X Ropo1
— v
Ry = RoRy1€®1 % 4 RyRg 63119
=wo X RoRp1e" " + ayg1 x RoRge™
= (wo +a141) X Ry

:w1XR1
0000004.25000000004.2600000000000000000

RoRy1€°" " = RoRo1 (@111 x e 9) (4.26)
= (RoRp1a11¢1) x (RoRp1€**%)

= a1q1 X RoRg1e®'"

000000000000 00 ROUODOUODOODOODOOD ea,b000000OO0ODO4.270
gobooobogooboobbooobooboboobboobooobooboooboon
gboboobogoboobboobooboboobbooboooboon

R(a x b) = (Ra)x (Rb) (4.27)

OO000000O000O0U0bOOo0bDoOU0bOoOObOOUObOOU0UoDOoOD4200DOOn
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gboooobogbboooboboooboobobogn

v = ’ljo + u')o X Ropm + wg X (’LUO X R0p01) (428)
Wy = wo + wo X a1G1 + a1

goo

dl = Roall = wg X Rgall = W X a1 (429)

goog

43122 0OO0O0OOODOOOOOOOO
gooooboooboobbooboooboobbooboooboobobooboo

gbobooobogbboobobooobooboboobboobooobooboooboon

000000000000 00000000DOO0DOO0DO00O00O00DO0ODbOODOD4.3000

oooo
U; = vV; —WwW; X p; (430)
U; = V; —W; X P; —W; X P;

=v;, —w; X p; —w; X (u; +w; X p;)
00004250 D000 OODOOOUOOOOO

U = v, — Wi X p1 (4.31)
= vy + wo X Ropo1 — (wo + a141) x (po + Ropo1)
= vy — wy X Po — a1G1 X (po + Ropo1)
=ug + (p1 X @1) @1

wi = wo + ai1qi
O000o0oo0oooo4.320000000

Awi = a;

0043100 00000000000 00DOO0ODOOO0O4.33000000D0000O

U = ug + Au;q (433)
w; = wo + A’wqu
g = g + Auidy + Auidy (4.34)

Wy = wo + Aw;gr + Aw;dy
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0043200000000004.300000000000O

Au; = p; X a; + p; X d; (4.35)
= (v + w; X (pi — pj)) X a; + pi X (w; X a;)
= (u; + w; X p;) X a; + p; x (w; x a;)
=u; X a; —a; X (w; X p;) —p; X (a; X wj)
=u; X a; +w; X (p; X a;)
=u; X Aw; + w; x Au;
Aw; = d;
=w; X a;

:”l.UjXA’I.Ui
OO000OO004300000000000DO0436000000000DO0OO0DOOO
ax(wxp+px(axw)+wx (pxa)=0 (4.36)

000000000000000000 Algorithm. 70000000 ForwardKinemat-
ics000000O0D0OODDODOOODODOODOODOOODODODOOODODOOODODODOOn
ForwardKinematics 0000000000 OOODO

4313 0000
OO00o0o0oodno 44000000

Table4.4. All parameters used in this inverse-dynamics section

P; || i-th joint momentum in world frame

L; || i-th joint angular momentum in world frame

m; || i-th joint weight

I; i-th joint inertia tensor in world frame

c; i-th joint centroid in world frame

¢ i-th joint centroid velocity in world frame

C; i-th joint centroid acceleration in world frame

w; || i-th joint angular velocity in world frame

w; || i-th joint angular acceleration in world

fi i-th joint inner force in world frame

n; || i-th joint inner moment in world frame

T i-th joint torque
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Algorithm 7 Pseudo code of forward kinematics

Require: i
1: joint id.
Procedure: ForwardKinematics(i)
1: updateFK(q)
2: for all k in childrens(i) do
3:  mainFK(k, 1)
4: end for
Procedure: updateFK(7)
5: a; = R;a;
6: c; = Ric;;
7. I; = RiI; ;RT + m;[ex][ex]T
Procedure: mainFK(i, j)
8: pi =p; + R;pji
9: R; = RjRj e 4
10: updateFK(q)
11: Au; =p; X a;
12: Aw,; = a;
13: Ay = uj x Aw; +w; x Au,
14: Aw; = w; X Aw;
15: w; = u; + Au;g;
16: w; = w; + Aw;qg;
17: 10 =y + Auidi + Auds
18: ;= w; + Aw;d; + Aw;d
19: for all k in childrens(i) do
20:  mainFK(k, 7)

21: end for

43131 0OD0O0OO0OOOOOOOOOOOOOO0On
Oo00oO043v0ooooooog

ci =p; + Ric;;

¢ =v; +w; X Ricy
=u; +w; X p; + w; X Ricy;
=u; +tw; X¢

c"i:'di—i—'wixci—kwixéi

=U; +w; X ¢; +w; X (u; +w; X ¢;)

(4.37)
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43132 0000000

000 pO00O00 L,00000 000 m;O000000 j0000000000 »,00
0000000000000 ,000000004.38 000000000000

= m;u; +m;w; X ¢;
Li = mizjrj X (’U,i + w; X r]-)
=m; (ij) X u; +mi2jrj X (w; X Tj)
T
=m; (erj) X u; + mizj [r;x] [rix]" w;
=m;c; X u; + Lw;
000000ooooooobooboobOobobobooa

= miu; + m;w; X ¢; +w; X P
L, = m;é; X w; +mc; x u; + Liaw; + Lw;
=m;c; X u; + L;w; +u; X P+ w; X L;

goooooboodo44000000DooU0boboO00obOOoU0oDObOOobobOOoUDoOO

ij X (w x (w x rj)) (4.40)
:Zj—(wxrj)x(rjXw)—wx((wxrj)xrj)
= ij X (r; x (w xrj))

=w x [w

OO000000O0oOO0ooooooood4.410

=m,; r: X (w; X r;)+7r; X (w; X r;
S % wn x 1) oy ¢ (i x )
= mizj (uz + w; X Tj) X (wz X ’I’j)
—|—’l"j X (U]Z X (’U/l —+ w; X ’I’j))
=m; u; X (w; Xr;)+r; X (w; X u;
S i (wi x 7)oy x (s x )
+7; x (w; X (w; x rj))
:miuiX(wixci)—{—micix('wixui)—kwixli'wi
:wixLi—mi(—ui><(wiXci)—l—cix(uixwi)—i—’wix(cixui))

=w; X L; +2m;u, X (wl X Ci)
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Ooooooo4420000000

mic; X w; + Lw; (4.42)
=m; (u; +w; X ¢;) X u; + Lw;
= —mu; X (w; X ¢;) + Lw,
=w; X L; + myu; X (w; X ¢;)
=w; x Li +u; x P;

43133 0DO00O0OO0OODOOOOOOODOOO
OO0000o0ooogooo443000000

P =F (4.43)
L, = N;

O0O00F,N;0i00000000C000DO0O00000O0O0O0O00DODO0O0O0OOO0
0000000 f,,n0000000000 > —frpp—me 000 mig,¢; xmygO 00
fei,me; 0000000000 0O000O4.39000000

Pi:fi_ka+mig+fei (4.44)
k

:mzul+mlwzxcl+wl><PZ

Li:ni_znk+cixmig+nei
k
=mic; X u; + Liw; + u; X Pi+w; x L;

0000000000000 044500000000000

00000DOOooOOooooooooooooooboDOobOoooDooooo444000000
udoddooooobobobobobobboobobobbbtbudddddoooooooooL b
O00000000000o0ooooooo0Oog Algorithm, 80000000 InverseDynamics
0ooooooooooobooobobooboooboodddoooooooooooooono
ggoddooooobobobobobobboboboobboodgoooooooo

4314 0000
OO000000ooOOo 450000000
gobooobogobuoobbooboooboobboobooobooobooboo
0000000 ON) 0000000000000 LD0D0O0D0OLOO0ODOD0ODDOODOOOOO
gooboobooboboobboobooboboobobooboooboobbooboon
000000000000 00000O000O0000000000O0UOO0OO O(N)OOo
gobooobogbboobobooobooboboobbooboobobooboboooboon



110 040 0O0O0O0OOOOOOOOODOOODOODOO

Algorithm 8 Pseudo code of inverse dynamics

Require: i
1: joint id.

Procedure: InverseDynamics(i)
1: for all k£ in childrens(i) do
2:  InverseDynamics(k)

: end for
. P, = miu; + myw; X ¢;

: Li = m;C; X U; + Iiwi

. Li = myc; X 1y + Law; + u; x Py +w; x L;
i = Pt Y fi— mig — e
sy =L + Y, np —¢; x mig —n;

10: 7 = Aul fi + Aw!'n;

3
4
5
6: P, = my; +mjw; X ¢ +w; X P,
7
8
9

Table4.5. All parameters used in this forward-dynamics section

P; || i-th joint momentum in world frame

L; || i-th joint angular momentum in world frame

m; || i-th joint weight

I; i-th joint inertia tensor in world frame

c; i-th joint centroid in world frame

w; || i-th joint angular velocity in world frame

w; || i-th joint angular acceleration in world

fi || i-th joint inner force in world frame

n; || i-th joint inner moment in world frame

Ti i-th joint torque

Y; i-th joint inner force and moment in world frame

@; || i-th joint linear/angular acceleration in world frame

gbobooobogbooboobooobooboboobboobooobooboboooboon
gboobooobooboboboboboboboboboboboOobOoboobooooooboon
000000000000000000000000000000 O(N3)OooOoooono

0000 Featherstone[93) 000000000000 O0OOO0OODOOODOOOOOO
00000 O(N)O0O00O000000D0O00000000 4150000000000 4
000000 k00DO00DO000O000O0000DO00D000000446000000000
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0 4.15. The idea of articulated body algorithm. Left is tree structure, and right is
articulated body.

dobooooooooooooooooooo
yi = M@ + 2 (4.46)
doododoodo44700ooooooon
yi—zyk:Mﬂﬁri—Zi
k

Ty = T; + Spqr + Skqk

. T
Ti = 8 Y

0044700 000000000OCO00OOO0OODOOOODOO0OODOO4.340000004.470
gooogn

i ) (4.47)

000004440000004480000000

” :( fi ) (4.48)

n;
Mi _ ( mZE —mi[cix] >
mi[cix] Il
- —mig — fei +wi X P
! —m;C; X g — Nej +u; X Py +w; X L;

O000O000OO00bOOOd0rs0O0000C0O0 gOoODOOOODO7rO0O0ODOO4.4900
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googooobod

Th =Sk’ Yk (4.49)
= S'k:TMkA:B"k + S}CT,Z,‘C4
= sy M@, + si” M siqy. + si.” I sy + sk” 2
000 qp OOO00D00O00Do4.5000000000

i = (i — L& — i) (4.50)
e = Gt Sk + 81" 2
Ci = s M
.y —1
ue = (CF sk)
D000 MA,2A0000000000004510000000

yi = M@ + 2 (4.51)
=Yi— Zyk + Zyk
k k
= Mg+ Y Map+2z+ Yz
k k

= M + Y M (& + Sigh + Sde) + 20+ Y 20
k k

= (Mi +)° M,j‘) Ei+zi+ Y (20 + M{sigr)

k k

+ZM1348'1€ (e — CF @i — mi)
k

= (Mi + Z (Mg - M;?«%C;{%)) T
k
+zi+ Y (2 + M Sigi + Mitsy (7 — mi) 1)
k

googon

MPA =M+ (Mt — M si¢ i) (4.52)
k

zzA=Zi+Z(Z?+sz8'k‘ik+M1?8'k(Tk—nk)bk)
k
DDDDDDDDMZ-A:Mi,zZA:ziDDDDDDDDDDD4.52DDDDDDDDDDD
godoooooooogooo MiA,zzA ggooooouooooooooooooooooo
000000000000 00 Algorithm. 90000000 ForwardDynamics 000 0O O
goooobooboboobbooobooboboobbooboooboobbooboon
gobooobogboboobbooobooboboobboobooobooboboooboon
gD DD D DO

gboooobooboboobbooboooboooboooboo
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Algorithm 9 Pseudo code of forward dynamics

Require: i

1: joint id.

Procedure: ForwardDynamics(i)

—

Y

3
4:
5:

: updateFD(7)

;= — (M?) 2
: for all £ in childrens(i) do
mainFD(k, 7)

end for

Procedure: updateFD(7)

10:

11:

12:

13:

14:

15:
16:
17:
18:

19

6
7
8
9

: for all £ in childrens(i) do
updateFD(k)
: end for
: P, = miu; + myw; X ¢;
L; =m;c; x u; + Lyw;
m; B —m;[eiX]
m;[c; X] I; >

—mig — fei + w; X P; )

.

I |

> >

C
N——

li = ( iTS‘i)il
MPA =M, + Y, (M — M2 sl )
2 =2+ > (28 + M Sde + M{ sy, (ti — ni) )

o T-.. -T A
L =G Sigi + Si 2

Procedure: mainFD(i, j)

20:
21:
22:
23:
24:

gi = (Ti - QTC‘EJ - Th‘) i

X, = T; + 8iq; + Sids

for all £ in childrens(i) do
mainFD(k, i)

end for
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oo UUU o
O0Taylor 000 DOOO0O0OO0OODOOOOOOODOOOOOOOOOOODOOOOOOO
000000000 Ewer 00000000000 DODODOOOODOOOOOOOOOO
gbooobooobooboobboobooboboobobooboobobooobo

Algorithm 10 Pseudo code of euler method
Require: i, At

1: joint id.
At: simulation time step.
Procedure: UpdateEuler(i, At)
1: x; = x; + v; At
2: v; = v; + U; AL
R; = eWiBtR,
w; = w; + w; At
for all k in childrens(i) do
procEuler(k, At)

7: end for

@

Procedure: procEuler(i, At)
8: ¢ = q; + ¢ Al
9: ¢ = q; + G Al
10: for all k in childrens(i) do
11:  procEuler(k, At)

12: end for

4315 00O0OOOOOOOO

OOo0oooOoboodo44eb00CO0ODO

gbooooboobooboobooboboboboboboboboboboboboboooDo
oo UoUoUooODoODODOoDODOoDODODOoDbDbDED
0 [94][95|0 00 0000000000000 000O0O0O0O0UOO0O0O0OOO0DOOOOO
gboobooobogbboobboooboobobodbboobuoobobooboboooboon
odooboobooboboobobooboooboobobooboooboobobooboon
goooobooboboobbooobooboboobbooboooboobbooboon
gL b bbb DDO
0000000000000 O0O0b0bDO0bDO0bOobDOoDOObO0ObOobDODOO spring
dumper 000000000000 ODODOO0ODOOODOOOOOODOOOOOOOOOOO
goooobogooboooog

O0.0000000000000000 ;000000 p,;0000000000 pys; O
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Table4.6. All parameters used in this forward-dynamics section

Vyj j-th mesh velocity in world frame

Doj j-th mesh vertice in world frame

Pujo previous j-th mesh vertice in world frame
Pujoo || collided j-th mesh vertice in world frame

buw; distance between w-th wall and j-th vertice
Ny unit normal vector of w-th wall in world frame
Soj contact force of j-th vertice in world frame

k; spring gain of j-th vertice force calculation

d; dumper gain of j-th vertice force calculation
fri friction force of j-th vertice in world frame

kg spring gain of j-th vertice friction calculation
dy; dumper gain of j-th vertice friction calculation
I friction coefficient of j-th vertice

brw; || friction direction of j-th vertice in world frame

ooooooood
Puj = Pi + RiPuij (4.53)
oooooobwOoOboD p, OODOODOOODO 7, O0OD0ODOODOOOO j00 w
000 by O
bwj:ng (Pvj — Pw) (4.54)

b,; 000000000000 000D0O0O0O000O00DO0O00 spring dumper 00000
00000000 k000000 4;00 0000000 v,;0000

Foj = | Fojllnw (4.55)
|| fosll = maz (0, — (k;bw; + djnlvy;))

000 £, 00000000000000000000000000000000000
00000000000000000000D000000000 »,; 00000 AtO00O 5
000 pyjo 000D

<pvj - ijo)
At

0000000000000000000 byjo OOOODOO0O0O00O00O00000O00O0
0000000 7000 pyjood 0000000 spring dumper D00 ky;Ody; 00000

(4.56)

Vyj =
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gbooooboogboooboooo

Fri == (kgsllbswsll + dpnfvo;) npw; (4.57)
byw;
Npwi =
4916 gy |

L Ty L

bj‘_wj:pvj_pvjoo
0000000 x;0000000000000000000 p,j00o 0000000000
0000000o0oooooon

Pujoo < Puj (4.58)

will fosll
1£7, 779

Tri <

gboooobogbooobooooo

4316 O00O0O0OODOOOOOO
OO00oo0obooOdo4ry0o0O0ODO

Table4.7. All parameters used in this forward-dynamics section

Ps sensor position in world frame

R, sensor orientation in world frame

Pps || sensor position in parent link frame

R, || sensor orientation in parent link frame

parent link spacial velocity in world frame

parent link velocity in world frame

parent link angular velocity in world frame

u

v

w

P parent link position in world frame

R parent link orientation in world frame
e, | [0;0;1]

g gravity = [0;0;9.80665]

Sm magnetic sensor output in sensor frame

Sy gyro sensor output in sensor frame

Sq acceleration sensor output in sensor frame

oD UUUU T
045900000000000

ps=p+ Rpps (459)
R, = RR,,
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Algorithm 11 Pseudo code of contact force calculation

Require: i, At
1: joint id.
At: simulation time step.
Procedure: CalcForce(i, At)
1: procCF (i, At)
2 fi=2>;f;
= X, P % Fu
4: for all k in childrens(i) do
5. CalcForce(k, At)
6: end for
Procedure: procCF (i, At)
7: for all j in vertices(i) do
8:  Pyjo = DPuvj
90 Puj = Pi T RiPuij
100 v,; = Pz Puo)
11:  byjo = bwj
12 buy =1L (P — Pu)
13:  if b,; <0 then

14: [ fojl| = maz (0, — (kjbw; + djnlv,;))
15: Joj = l[fojllnw

16: if byj0 <0 then

17: b; = Poj — Pujoo

18: bruwj = by, — NLbF, Mw

19: if € <||bfw;|| then

20: Npyj = Hzl;ijn

21: fri=— (kfjllbfij + dfjﬂ%ﬂvj) M fw;
22: if ||fosllps <|[£y;]l then

23: DPvjo0 = Puj

24: fri= “ﬁ%ﬁl‘fﬁ

25: end if

26: Joj = foj + F;

27: end if

28: else

29: Puj00 = Puj

30: end if

31:  end if

32: end for
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gooooboooboobbooboooboobbooboooboobobooboo
gbobooobogbboobobooobooboboobboobooobooboooboon
0000000000000 D0o0oo0oooooo4e0000000000000

sm = RTe, (4.60)
sg:RSTw
Sa:RZ(ﬁS_‘_g)

00000000000 000000000000D000004.61000000000000

Ps =v+wx (ps — p) (4.61)
=u+wXxXp+wx (ps—p)
=u—+w X Ps

Ps = U+ W X ps +w X P
=U+WwXps+wxXu+wXx (wX ps)

4317 0O0000OODOO

0 4.16. 0 4.17. 0 4.18. 0 4.19.
CHIDORI. SampleRobot. HRP2JSK. JAXON.

Intel(R) Core(TM) i7-4770S CPU 3.10GHz 0 0 0 0 HRP2JSK [66]0 JAXON [96]0 O
0 [97] OSampleRobot [98] 000 100mm 0000000000000000000000
000000000000000 4.1604.1704.1804.1900000000000000000
00000480000

Table4.8. Falling down simulation for CHIDORI, Samplerobot, HRP2JSK, STARO, and

JAXON to compare computation time.

CHIDORI | SampleRobot | HRP2JSK | JAXON

12 dof 29 dof 32 dof 33 dof
59 kHz 35 kHz 22 kHz 22 kHz

000000 CHIDORIO 0000000000000 O0D0O0OO00O0O0O0O0OOOOOO0
odoooobooboboobboobooobooboboobooobooboboooboon
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OO00O0DOOdoOobO NOOODODOOoOoOooOoDOOoDbooOooooooooooooooo
gooooOooOobOoOoOoO0oo NDOOOOOOOOOODODObOOOOODODODbDO
00000000000 (9000000000000 00000O00O0DO0ODO00O0O0OO
0000000000000 000000000000000 10=15kHz0000000
godooOo00oooO00ooOo0OoOoO00bOOoO00obDOoO0UoOoOOoOoNOUODODOOODOODOO
aN+p 0000000000000 1/(eN+p) 000000 480000000000
0O CHIDORIOOODOODOOOOOO JAXONODOOOOOOO4.620000000

1
12 = — 4.62
atf= (4.62)
1
33 = —
a—+p 99

004620 000000 o0 pO0000O0OON=2000000000000000

L

Ba+ oo (4.63)
1 11
YT 3312 (22_59>
= 0.00136
1 12 11
P=5 3-12 (22_59>
— 0.00066
(4.64)

gooooboooboobboobooobooboboobooobooobooboo
gobooobogbboobbooobooboboobbooboobobooboboooboon
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O 4.20. SIMBICON [42] is a simple walk control model which has an definite number of

Y

states and control joints to balance based on a linear model of COG position/ve-
locity.
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O 4.21. To consider start and stop sequence of walking, total 10 states are used; 3 for

start walking, 3 for stop walking, and 4 states for walking loop.
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O 4.22. Polyline interpolation model to control swing velocity of passive joint.
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Table4.9. Search space contents and their defrees of freedom

Description DoF
q} || Target joint angles of i-th state 6 x N
q. || Feedback matrix for horizontal centroid
g, || Feedback matrix for horizontal centroid velocity 4
g, || Feedback vector for z-axis rotation 1
q. || Feedback vector for z-axis rotation velocity 1
a, || Feedback matrix to reduce horizontal rotation of pelvis | 2
ay || Feedback matrix to reduce horizontal rotation of feed 4
At || State transition time 1
t1 Polyline endpoint time of crotch interpolation 1
Q1 Polyline endpoint of crotch interpolation
X || All parameters 6N 419
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0 4.23. Stepping motion is heuristically generated. Start/Stop postures are generated
by moving both legs 30 mm upward. Stance0 posture is by moving CoG 65 %
leftside. Swing0 is by moving CoG 80 % leftside and moving right foot 60 mm
upward. Stancel is the same as Start posture. Swingl is by moving CoG 70
% rightside and moving left foot 60 mm upward. Stance2 is the horizontal flip
posture of Stancel. Swing?2 is the horizontal flip posture of Swingl. SwingN is

the same as Swing0. StanceN is the same as Stance0.

0O 4.24. Snapshots of stepping motion in simulation world.
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4.25. Transition of quaternion while stepping. These values are calculated by using an open source
implementation of [107].
4.26 State transition while stepping. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,

3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.
0.03 ; -0.2

NN = VAV A

f=1
w
[—

An;
o
>
8]
e
P
—
Angle[rad]
Lo
198
wn
—
—
L
—
e
.-

[=]

(=)

g

-
=
=
-
S
j=]

a2
[ IS
I
T~
=
[
=
[

2 3 4
Time[sec] Time[sec]

ID1 ID 2

0.15 /“; N A oG L1 A A A &

S R R AW A LS|

ad]

I

gle[r:
o

. An
=} =)
=
W =
//
—
—
pi—
<
Angle[rad]
o o o o
AN 2 o ©
L ———
L
L
L

02— 1 2 3 i 5678 0561 e 78
ID 3 1D 4
-0.25 — 02 ref —
0.3 N - N /xq.r rrrrrrr B 0.15 : {\F:Lr ,,,,,,,
v =< By v i e Y B A
| Lo A A A A
oo D L A AR W 1V
-0.65 I / |/ W o0l \/ ! \/ /
07 V / V \V 0.15 V ' / ‘
_0‘750 ! Timé[sec] 3 ! 8 _0‘20 ! 2 3 Tim:[sec] ! 8
ID 5 ID 6

O 4.27. Joint angle targets and simulated values for left six joints while stepping motion.

Because the stepping motion is symmetric, right joints move similar to left joints.
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O 4.28. Snapshots of stepping motion in real world.
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4.29. Transition of quaternion while stepping. These values are calculated by using an open source
implementation of [107].

4.30. State transition while stepping. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for

Stop.
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O 4.31. Joint angle targets and measured values for left six joints while stepping motion
of actual robot. Because the stepping motion is symmetric, right joints move
similar to left joints.
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O 4.32. The transition of objective O 4.33. The transition of CoT: Cost
function (5 o ) while of Transport while searching
CoT
searching walking motion. walking motion.
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0 4.34. Walking motion is optimally generated. Start/Stop postures are given; all joint
angles are zeros. The other postures are optimized to minimize CoT: Cost of
Transport.

O 4.35. Snapshots of optimal walking motion in simulation world.
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0 4.36. Energy consumption while optimized walking. The peak of energy consumptios
are found in starting and stopping phase of walking.

0 4.37. Foot on. O 4.38. Heel touch. O 4.39. Foot off.
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Support pole to sit w/o collision

O 4.40. Front/side view of sitting motion.
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Table4.10. Support pole height v.s. sitting feasibility
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O 4.41. Front/side view of sitting motion.
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O 5.1. Full-length photograph of ML1. Each part is described in the following pictures.
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O 5.2. Zoom picture of upper side of body link. Left image shows battery. Middle im-
age shows communication boards between sensors, motor drivers, and computer.
Right image shows electric terminal block including 12 voltage, 24 voltage, and
60 voltage.

0 5.3. Zoom picture of lower side of body link. 10-dof imu sensor (vn-100 [114]) is placed
on the middle of front plane. Bottom plane has five poles to sustain body link

when sitting.
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O 5.4. O 5.5. O 5.6. O 5.7.

5.4. Absolute Encoder (Heidenhain ECI 1118 [115]) is placed on each joint. The encoders are protected
with yellow cover.

5.5. A pair of motor drivers. Each pair is placed in body link, upper side of knee joint, and lower side
of knee joint. Therefore, total number of motor drivers is 12 (6 pair), and this is the same number
as maxon motor.

5.6. Knee joint has clutch mechanism. Knee link has two independent rotor links and these links are
connected or disconnected by horizontal pin driven by small servo motor.

5.7. Righ leg end effector. Foot link is cut of five grooves to lighten, and these grooves mimic toe

fingers. 6-axis force sensor is placed on the foot.

O 5.8. Crotch pitch joint has clutch machine. Clutch link has three independent rotor
links, and these links are connected or disconnected by horizontal pin driven by
small servo motor. One rotor has hone which is connected to crotch yaw link
through spring. This spring supports walking motion.
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0 5.9. Red leg is right leg of JAXON]1], and gray leg is developed leg. Height from foot
to root joint is 918 mm, which is similar to JAXON but a little shorter. Foot
length is 160mm and is shorter than JAXON.
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6 Roll
Pitch
Yaw

O 5.10. Joint configuration. Red is roll, green is pitch, and blue is yaw joints. Each joint
has unique joint id ¢. Root link (BODY) is zero, and joint near to 0-th joint has
smaller id. Left joints have smaller joint id than right joints.
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Stabilized Power Supply
(or Buttery)

DCDC DCDC |MA> él_‘ DCDC
12

6V 19V 24V

Computer Brake
(Intel NUC) x 10
USB TTL
Clutch Serv Motor Drivers 6\\\
X8 x12 °

O 5.11. Electric system has two original power source: 12V and 60V direct current. DC-
to-DC converter changes the 12V to 19 and 6 V, and 60 V to 24V. 60V is the
motor power source and its flow is switched by DC power relay which is switched
by wireless switch. 12V is the power source of logical circuit of motor dirvers,
19V is of computer, and 6V is of clutch servo motors.
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Fuslisp 000O0O0O0O0O00O SequencePlayer 000000000000 OOOOOO
oooo

ForwardKinematics: 0000000000

KalmanFilter: Extended Kalman Filter 000 0000000000000 OOOO
oooooooooo

AutoBalancer: 0000000000000000000000Ohrpsys 00000
0000 AutoBalancer 00000000000 Ewlisp 0000000000000
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Table5.1. Robot link properties

i j m; ¢ I; Pji Rji
NAME ID | PID lg] [mm)] [gm?] [mm)]
—-0.74 160.033 —4.496 2.294
BODY 0 -1 16917.0 —-3.12 —4.496 162.546 —14.954 - -
133.10 2.294  —14.954 204.884
0.02 14.871  0.003 —0.001 0.00 1.000 0.000 —0.000
LLEG-LINKO 1 0 2068.0 28.59 0.003  13.080 —5.884 95.00 0.000 1.000 0.000
—40.19 —0.001 —5.884 10.564 —19.00 0.000 0.000  1.000
5.48 22.358 —0.239 —4.272 0.00 1.000 0.000 —0.000
LLEG-LINK1 2 1 4082.0 —10.73 —0.239 21.994 2.239 24.50 0.000 1.000 0.000
—51.25 —4.272  2.239 9.393 —91.00 0.000 0.000  1.000
3.23 12.184 —0.027  0.396 8.50 1.000 0.000 —0.000
LLEG-LINK2 3 2 2182.0 13.66 —0.027 12.095 —6.232 —0.00 0.000 1.000  0.000
—108.15 0.396 —6.232  6.049 —139.50 0.000 0.000  1.000
0.01 26.143 —0.005 —0.007 —6.00 1.000 0.000 —0.000
LLEG-LINK3 4 3 3560.0 24.96 —0.005 25.012 —9.904 —10.50 0.000 1.000 0.000
—71.06 —0.007 —-9.904 7.178 —219.00 0.000 0.000  1.000
7.55 11.074  0.168 —3.827 —0.00 1.000 0.000 —0.000
LLEG-LINK4 5 4 2956.0 7.55 0.168 11.074 —1.269 —1.50 0.000 1.000 0.000
—57.00 —-3.827 —1.269 5977 —225.50 0.000 0.000  1.000
10.68 4.398 0.029 —1.252 8.50 1.000 0.000 —0.000
LLEG-LINK5 6 5 1616.0 0.61 0.029 6.324 —0.135 —0.00 0.000 1.000 0.000
—58.47 —1.252 —0.135 3.809 —114.00 0.000 0.000  1.000
—0.02 14.871 0.003  0.001 0.00 1.000 0.000 —0.000
RLEG-LINKO 7 0 2068.0 —28.59 0.003 13.080 5.884 —95.00 0.000 1.000 0.000
—40.19 0.001  5.884 10.564 —19.00 0.000 0.000  1.000
5.46 22.358 0.241 —4.262 0.00 1.000 0.000 —0.000
RLEG-LINK1 8 7 4082.0 10.73 0.241  21.995 —2.244 —24.50 0.000 1.000 0.000
—51.25 —4.262 —2.244 9.394 —91.00 0.000 0.000  1.000
3.23 12.161 0.015 0.387 8.50 1.000 0.000 —0.000
RLEG-LINK2 9 8 2184.0 —13.64 0.015 12.071 6.227 —0.00 0.000 1.000 0.000
—108.15 0.387  6.227 6.049 —139.50 0.000 0.000  1.000
—0.01 26.143  0.007 0.007 —6.00 1.000 0.000 —0.000
RLEG-LINK3 || 10 9 3560.0 —24.96 0.007 25.012 9.904 10.50 0.000 1.000 0.000
—71.06 0.007  9.904 7.178 —219.00 0.000 0.000  1.000
7.55 11.074 —0.168 —3.823 0.00 1.000 0.000 —0.000
RLEG-LINK4 || 11 10 2956.0 —7.55 —0.168 11.074  1.265 1.50 0.000 1.000 0.000
—57.00 —3.823  1.265 5.977 —225.50 0.000 0.000  1.000
10.32 4.399 0.014 -1.169 8.50 1.000 0.000 —0.000
RLEG-LINK5 || 12 11 1616.0 —0.26 0.014 6.336  0.065 —0.00 0.000 1.000 0.000
—58.47 —1.169 0.065 3.821 —114.00 0.000 0.000  1.000
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0 5.12. There exist two real time control flows. First one is hrpsys loop which uses
OpenRTM, interpolates target joint angles in 500Hz, and check self collision.
Second one is state machine loop which calculates target joint angles to inter-
polate in Hrpsys with 100Hz. These loops communicate with each other and
actual robot through shared memory. The shared memory is separated into two
sections. First one is used to copy in both directions: from motor drivers to
computer, and from computer to motor drivers in 1000Hz. Second one is used

to communicate state machine and hrpsys.
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O 5.13. Snapshots of dynamic walking motion by using hrpsys which is contained in
ML1 control flow. The walking control of hrpsys is general, and does not depend
on any robot specific parameter. Therefore, it is easy to test walking. In this
figure, ML1 walk 0.5 [m] in about 30 seconds. The motion is very slow because
the balance control of hrpsys uses 6-axis contact force sensors of both legs, but
ML1’s force sensor could measure less than 10 [Nm]. As the result, fast walking
fails to balance due to the inertial force of ML1’s self weight.

0512000000 ML10O hrpsys 000000000 Euslisp0O00O0OO0O0ODOOO
O0000Chrpsys 0000000 O0OO0O0DDOO0OOODOOOOOOOODOOOOODOOODO
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0 5.14. Energy comsumption while walking by using hrpsys. Total 6568.4 J for 0.5 m
walking, therefore the CoT: Cost of Transport is 6568.4.J/(49.8kgx9.8m/s.5m) ~
26.3.
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Tableb.2. Contact parameters

‘ Name H Unit ‘ Description ‘ Range ‘ Dim ‘
fenr N Threashold to check if contact or not | £15N 1
ke N/m P gain of PD calculation of contact vertical force | +10%

d. Ns/m D gain of PD calculation of contact vertical force | +£10%

ky N/m | P gain of PD calculation of contact horizontal force | £10%

dy Ns/m | D gain of PD calculation of contact horizontal force | £10%

— = =] ==

1f - Friction coefficience | +0.4
[Tota | ] [ ]

(=2

Tableb.3. i-th joint parameters

‘ Name H Unit Description Range ‘ Dim ‘

m; kg weight of i-th joint +1kg 1
¢ m Centroid seen from i-th joint +0.1m 3
I; kgm? Inertia matrix around ¢; | £0.01kgm? | 9(6)
Pji m i-th joint position seen from j-th joint +0.001m

Tji deg i-th joint orientation seen from j-th joint +0.1deg

ki Nm/rad | P gain of PD position control of i-th joint +10% 1
d; Nms/rad | D gain of PD position control of i-th joint +10% 1

[ Total | | | 18]
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O 5.15. Snapshots of walking motion in real world, but failed.

5,321 O00O0O0OO0OO0OO0OO0OOOOOOOOOOOOOOOOOOOOOOoOOoO
5.3.2.1.1 Generation Phasel
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5.3.2.1.4 Generation Phase 2
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Table5.4. Centroid offset v.s. CoT
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O 5.16. Snapshots of walking motion in real world.

0000000000 000000000000000000 CoTOOOOODOOOOOO
0000000 10mm OO00O0OO0ODOOODOOOOOO0ODOODOOODOOOOOOODO
000000000000000000000 CoTOO00O0oooooonooooonoood
oooooobooobooboo0ooobooooboboooboooooDOo0 20mm O0OO00DO
obobooobOUoobOooooboboo20mm OO0OO0OO0OO0ODOOOOODOODOODOO
0000 55240000000000

5.3.2.1.5 Execution Phase 2
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5.3.2.1.6 Identification Phase 2
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0 5.17. Energy comsumption while walking by using hrpsys. Total 2553.8 J for 0.5 m
walking, therefore the CoT: Cost of Transport is 2553.8.J/(49.8kg x 9.8m/s x
0.5m) =~ 10.5, which is about 2.5 times lower than hrpsys walking.
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O 5.18. The transition of CoT: Cost O 5.19. The transition of objective
of Transport while searching function (ﬁ) while
CoT
walking motion. searching walking motion.
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O 5.20. Snapshots of optimal walking motion in real world, but failed.
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5.3.2.2.2 Execution Phasel
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O 5.21. The transition of CoT: Cost O 5.22. The transition of objective
of Transport while searching function (t+ L) while
CoT
walking motion. searching walking motion.
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5.3.2.2.5 Execution Phase2
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O 5.23. Snapshots of optimal walking motion in real world.
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O 5.24. Energy comsumption while walking by using hrpsys. Total 1581.8 J for 0.7 m
walking, therefore the CoT: Cost of Transport is 1581.8.J/(49.8kg x 9.8m/s x
0.7m) = 4.6, which is about 5 times lower than hrpsys walking.
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0 5.25. Walking motion is heuristically generated. Start/Stop postures are generated
by moving both legs 30 mm upward. Stance0 posture is by moving CoG 65 %
leftside. Swing0 is by moving CoG 80 % leftside and moving right foot 60 mm
upward and 120 mm forward. Stancel is the same as Start posture. Swingl
is by moving CoG 70 % rightside and moving left foot 60 mm upward and 120
mm forward. Stance2 is the horizontal flip posture of Stancel. Swing?2 is the
horizontal flip posture of Swingl. SwingN is the same as Swing0. StanceN is the
same as Stance0.

O 5.26. Snapshots of walking motion in simulation world.
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Start Swing1 Stance2 SwingN StanceN

0 5.27. Walking motion is optimized. Start/Stop postures are given and all joint angles
are zeros. The other postures are generated by optimization procedure without
initial guess.

O 5.28. Snapshots of walking motion in simulation world.
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0 5.29. Walking motion is optimized. Start/Stop postures are given and all joint angles
are zeros. The other postures are generated by optimization procedure without

initial guess.

O 5.30. Snapshots of walking motion in simulation world.
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O 5.33. Joint angles
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5.31. Transition of quaternion while walking. These values are calculated by using an open source

implementation of [107].

5.32. State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for

Stop.

5.33. Joint angle targets and simulated values for left six joints while walking motion. Because the

walking motion is symmetric, right joints move similar to left joints.
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O 5.36. Joint angles
5.34. Transition of quaternion while walking. These values are calculated by using an open source

5.35.

5.36.

implementation of [107].

State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

Joint angle targets and measured values for left six joints while walking motion of actual robot.
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O 5.39. Joint angles
5.37. Transition of quaternion while walking. These values are calculated by using an open source

5.38.

5.39.

implementation of [107].

State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

Joint angle targets and measured values for left six joints while walking motion of actual robot.
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O 5.42. Joint angle

5.40. Transition of quaternion while walking. These values are calculated by using an open source
implementation of [107].

5.41. State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

5.42. Joint angle targets and measured values for left six joints while stepping motion of actual robot.
Because the stepping motion is symmetric, right joints move similar to left joints.
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O 5.45. Joint angle

5.43. Transition of quaternion while walking. These values are calculated by using an open source
implementation of [107].

5.44. State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

5.45. Joint angle targets and measured values for left six joints while stepping motion of actual robot.
Because the stepping motion is symmetric, right joints move similar to left joints.



565 ODOOOOOOOOO0OOO0OOOUODOOUODOODOODbOObDbOObDO 169

5526 0O00O0OOOODOODODOOOOOOOODOODODODOOOOODOODOOO

0 20 mm
. st s s s O L e
04 8 H
§ 0.2 = 6 |
| e e - ’—‘ r‘
s [ r
02 @ 4 ] I ]
0.4 H —
2
0.6 —
81T 2 5 4 5 6 7 8 Yo 1T 3 35 4 5 6 7 3
Time[sec] Time[sec]
0 5.46. IMU Quaternion 0 5.47. SIMBICON State
0.03 ‘ - 0.1 : :
0.02 n gelt o -0.15 A A A /\ gflf— -

oA T T e
R L Y AMEERN TRy

le[rad]

. An
S o
SRS
(SN Y
™
-
\-\
SR -

—
-

An;

V 14 4
VST 2 3 4 5 6 71 8 OBg , 5 78
Time[sec] Time[sec]
ID 1 ID 2
02 y N = 12 ref —
0.15 A Ac cur - A A ] | cur
SN AR SR R N W
'g0.0S / \ I \ ( \ /‘C" \ §09 ( \ ( \ / \ / \
AN VAR T LA W RN RN
0.1 ) \ \L(' i \ / 0.7 ; b f ‘ \
02 ] B 7 8 03 i 2 3 4 78
Time[sec] Time[sec]
ID 3 ID 4
-0.35 ‘ — 0.2 ‘ r—
R A . A /\9?5 T s e
s A PN N ol A N
Foss ey Toosh £\ N N N T
g Wi A Zoos |
gos ] ORI TR T Y
<07 I 2,05 VLV
073 T S - o \v' \/ \;v/ \v
0854 1 2 4 5 7 g 013 I - 3 4 ' ‘6 7 8
Time[sec] Time[sec]
ID 5 ID 6

O 5.48. Joint angle

5.46. Transition of quaternion while walking. These values are calculated by using an open source
implementation of [107].

5.47. State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

5.48. Joint angle targets and measured values for left six joints while stepping motion of actual robot.
Because the stepping motion is symmetric, right joints move similar to left joints.
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O 5.51. Joint angles

5.49. Transition of quaternion while walking. These values are calculated by using an open source
implementation of [107].

State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

Joint angle targets and measured values for left six joints while stepping motion of actual robot.

5.50.

5.51.

Because the stepping motion is symmetric, right joints move similar to left joints.
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O 5.54. Joint angles

5.52. Transition of quaternion while walking. These values are calculated by using an open source

5.53.

5.54.

implementation of [107].

State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for

Stop.

Joint angle targets and measured values for left six joints while stepping motion of actual robot.

Because the stepping motion is symmetric, right joints move similar to left joints.
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O 5.57. Joint angles

5.55. Transition of quaternion while walking. These values are calculated by using an open source

5.56.

5.57.

implementation of [107].

State transition while walking. The state ids are 0 for Start State, 1 for Stance0O, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for

Stop.

Joint angle targets and measured values for left six joints while stepping motion of actual robot.

Because the stepping motion is symmetric, right joints move similar to left joints.



565 ODOOOOOOOOO0OOO0OOOUODOOUODOODOODbOObDbOObDO 173

55210 OO0ODODOOOOOODOOOOOOOOOODOOOO

08— = 10 e —
0.6 é 1 g [
0.4 ’_[

go02 w6

o Rl

g 2

00.2 H § J

04 )

e e

086 I > 3 4 5 6 % i ) 3 4 5 6
Time[sec] Time[sec]

0 5.58. IMU Quaternion 0 5.59. SIMBICON State
0.05 "ref — 02 ref —
0 \ : cur 0.15 cur

oA ! 0.1

-0.05 A

=) W \ / 20.05

%_01 \‘—-gV \“ /“ %

© Lo 2 0

: =N
;%90'15 \ / £0.05 /
02 \ / -0.1 |
-0.25 U -0.15 .
—0'30 1 2 3 4 5 6 _0'20 1 2 o3 4 5 6
Time[sec] Time[sec]
ID1 ID 2
0.08 T 0.3 - S~
1 . 1] oo N ]
ol A\ o2t/
o AarE ‘ N AW

_0. g PN _015 - = —

R Gl T/ B

T [V u £0.05 / \

® 0 ; : N | N

00l \ [/ “oos| |

N . \// 0.1 \/

00 \ -0.15

_0'060 1 2 3 4 5 6 _0‘20 1 2 o3 4 5 6
Time[sec] Time[sec]
ID 3 1D 4

0.15 e p— 0.04 7 s

0.1 J\ cur 0.02F— /1 |\ cur

0.05 -t I

g Or \\ §0.0(2) - ,}\ \ \ b |

00 [N ~/ 004 WA . \ /

=-0.1 . P = ) AL L

2015 W “\‘ AN 2006 ) / // ]

-0.25 \ -0.1 /l \/ \v*/
036 1 2 3 4 5 6 0125 1 2 3 4 5 6
Time[sec] Time[sec]
ID 5 1D 6
O 5.60. Joint angle

5.58. Transition of quaternion while walking. These values are calculated by using an open source
implementation of [107].

5.59. State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

5.60. Joint angle targets and measured values for left six joints while stepping motion of actual robot.

Because the stepping motion is symmetric, right joints move similar to left joints.
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O 5.63. Joint angle

5.61. Transition of quaternion while walking. These values are calculated by using an open source
implementation of [107].

5.62. State transition while walking. The state ids are 0 for Start State, 1 for Stance0, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for
Stop.

5.63. Joint angle targets and measured values for left six joints while stepping motion of actual robot.

Because the stepping motion is symmetric, right joints move similar to left joints.
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O 5.66. Joint angle
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5.64. Transition of quaternion while walking. These values are calculated by using an open source

5.65.

5.66.

implementation of [107].

State transition while walking. The state ids are 0 for Start State, 1 for Stance0O, 2 for Swing0,
3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN, and 9 for

Stop.

Joint angle targets and measured values for left six joints while stepping motion of actual robot.

Because the stepping motion is symmetric, right joints move similar to left joints.
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0 5.67. By minimizing the distance of log data between actual robot
and its simulation, body and environment parameters are pre-
dicted. Vertical axis shows the distance and horizontal axis
shows day to search. Log data contains heuristic stepping
motion and walking motion.
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0O 5.68. By minimizing the distance of log data between actual robot
and its simulation, body and environment parameters are pre-
dicted. Vertical axis shows the distance and horizontal axis
shows day to search. Log data contains heuristic stepping
motion, walking motion, and regenerated walking motion.
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0 5.69. By minimizing the distance of log data between actual robot
and its simulation, body and environment parameters are pre-
dicted. Vertical axis shows the distance and horizontal axis
shows day to search. Log data contains heuristic stepping
motion, walking motion, regenerated walking motion, and
optimal walking motion.
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0 5.70. By minimizing the distance of log data between actual robot
and its simulation, body and environment parameters are pre-
dicted. Vertical axis shows the distance and horizontal axis
shows day to search. Log data contains heuristic stepping
motion, walking motion, regenerated walking motion, opti-

mal walking motion, and re-optimized walking motion.
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Table5.5. Robot contact and link properties from CAD data

finr ke dc ky dy | muy
N N/m | Ns/m | N/m | Ns/m -
[ 30.0 [ 700000 | 700.0 [ 50000.0 | 500.0 | 0.800 |
i m; c; I; Dji Rj; k; d;
D lg] [mm)] [gm?] [mm)] - [Nm/rad] | [Nms/rad]
—-0.74 160.033 —4.496 2.294
0 16917.0 —-3.12 —4.496 162.546 —14.954 - - - -
133.10 2.294  —14.954 204.884
0.02 14.871  0.003 —0.001 0.00 1.000 0.000 —0.000
1 2068.0 28.59 0.003  13.080 —5.884 95.00 0.000 1.000  0.000 3500.0 52.5
—40.19 —0.001 —5.884 10.564 —19.00 0.000 0.000  1.000
5.48 22.358 —0.239 —4.272 0.00 1.000 0.000 —0.000
2 4082.0 —10.73 —0.239 21994 2.239 24.50 0.000 1.000 0.000 7000.0 105.0
—51.25 —4.272 2.239 9.393 —91.00 0.000 0.000  1.000
3.23 12.184 —0.027  0.396 8.50 1.000 0.000 —0.000
3 2182.0 13.66 —0.027 12.095 —6.232 —0.00 0.000 1.000 0.000 7000.0 105.0
—108.15 0.396 —6.232  6.049 —139.50 0.000 0.000  1.000
0.01 26.143 —0.005 —0.007 —6.00 1.000 0.000 —0.000
4 3560.0 24.96 —0.005 25.012 —9.904 —10.50 0.000 1.000  0.000 7000.0 105.0
—71.06 —0.007 —9.904 7.178 —219.00 0.000 0.000  1.000
7.55 11.074  0.168 —3.827 —0.00 1.000 0.000 —0.000
5 2956.0 7.55 0.168 11.074 —1.269 —1.50 0.000 1.000 0.000 3500.0 52.5
—57.00 —3.827 —1.269 5.977 —225.50 0.000 0.000  1.000
10.68 4.398 0.029 —1.252 8.50 1.000 0.000 —0.000
6 1616.0 0.61 0.029 6.324 —0.135 —0.00 0.000 1.000  0.000 3500.0 52.5
—b8.47 —1.252 —-0.135 3.809 —114.00 0.000 0.000  1.000
—0.02 14.871 0.003  0.001 0.00 1.000 0.000 —0.000
7 2068.0 —28.59 0.003 13.080 5.884 —95.00 0.000 1.000  0.000 3500.0 52.5
—40.19 0.001  5.884 10.564 —19.00 0.000 0.000  1.000
5.46 22.358  0.241 —4.262 0.00 1.000 0.000 —0.000
8 4082.0 10.73 0.241  21.995 —2.244 —24.50 0.000 1.000  0.000 7000.0 105.0
—51.25 —4.262 —2.244 9.394 —91.00 0.000 0.000  1.000
3.23 12.161 0.015 0.387 8.50 1.000 0.000 —0.000
9 2184.0 —13.64 0.015 12.071 6.227 —0.00 0.000 1.000 0.000 7000.0 105.0
—108.15 0.387  6.227 6.049 —139.50 0.000 0.000  1.000
—0.01 26.143  0.007 0.007 —6.00 1.000 0.000 —0.000
10 3560.0 —24.96 0.007 25.012 9.904 10.50 0.000 1.000 0.000 7000.0 105.0
—71.06 0.007  9.904 7.178 —219.00 0.000 0.000  1.000
7.55 11.074 —0.168 —3.823 0.00 1.000 0.000 —0.000
11 2956.0 —7.55 —0.168 11.074 1.265 1.50 0.000 1.000  0.000 3500.0 52.5
—57.00 —3.823  1.265 5.977 —225.50 0.000 0.000  1.000
10.32 4.399 0.014 -—-1.169 8.50 1.000 0.000 —0.000
12 1616.0 —0.26 0.014 6.336 0.065 —0.00 0.000 1.000  0.000 3500.0 52.5
—b8.47 —1.169 0.065 3.821 —114.00 0.000 0.000  1.000
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Table5.6. Robot contact and link properties identified with heuristic walk motion and its

fall log
finr ke de kg dy muy
N N/m | Ns/m | N/m | Ns/m -
30.5 | 76412.0 | 643.6 | 48518.3 [ 506.2 | 0.500 |
i m; ci I; Dji Rj; ki d;
D lg] [mm)] [gm?] [mm)] - [Nm/rad] | [Nms/rad]
9.60 150.747  4.048 7.524
0 15384.9 1.85 4.048 161.203 —22.408 - - - -
63.79 7.524  —22.408 196.809
6.88 16.614 —8.283 9.023 —0.47 1.000  —0.002 0.002
1 1901.49 65.33 —8.283 4.549 4.078 95.42 0.002 1.000  0.001 3260.6 53.7
—38.39 9.023 4.078  9.512 —19.14 —0.002 —0.001 1.000
—79.49 28.644  2.244  —2.240 —-0.72 1.000  —0.000 0.000
2 4237.33 11.73 2.244 22352 —1.795 23.74 0.000 1.000  0.001 6648.4 107.8
42.54 —2.240 —1.795 15.945 —90.18 —0.000 —0.001 1.000
—8.50 10.692  3.125 7.681 8.76 1.000 —0.000 —0.001
3 1715.55 —20.76 3.125 11.231  —15.767 0.06 0.000  1.000 0.000 6963.9 103.0
—115.77 7.681 —15.767 7.026 —139.66 0.001 —0.000 1.000
43.31 24.418 —6.729 1.435 —6.35 1.000 0.002  0.001
4 3052.79 —39.24 —6.729 16.563 —18.099 —10.52 —0.002 1.000 0.001 6865.9 114.9
—107.86 1.435 —18.099 13.003 —218.55 —0.001 —0.001 1.000
79.01 20.031 3.068 5.934 —0.98 1.000 0.000  0.000
5 2217.31 36.60 3.068 11.752 0.222 —2.36 —0.000 1.000 0.001 3829.4 52.3
27.38 5.934 0.222  0.790 —224.57 —0.000 —0.001 1.000
19.04 9.580 1.964 3.419 9.08 1.000 0.002  —0.002
6 1047.98 —-3.93 1.964 11.536 6.998 —0.27 —0.002  1.000 0.001 3792.6 50.0
—5.62 3.419 6.998 —4.969 —113.58 0.002 —0.001 1.000
6.33 16.610  8.276 9.017 —0.65 1.000  0.002 0.001
7 1968.51 —72.86 8.276 4.543  —4.078 —95.37 —0.002 1.000 —0.002 3290.6 54.1
—36.25 9.017 —4.078 9.510 —19.06 —0.001 0.002 1.000
—69.58 28.641 —2.247 —2.238 —0.59 1.000  0.001  0.000
8 4318.98 —8.42 —2.247 22347  1.795 —24.21 —0.001 1.000 —-0.001 6688.8 107.4
42.11 —2.238  1.795 15.942 —89.79 —0.000 0.001 1.000
—13.43 10.689 —3.118 7.686 9.01 1.000 0.000 —0.001
9 1752.65 13.90 —-3.118 11.241 15.777 0.38 —0.000  1.000 0.000 6984.8 102.2
—108.90 7.686 15.777  7.024 —139.43 0.001  —0.000 1.000
36.32 24.414  6.722  1.431 —5.90 1.000 —0.001  0.002
10 || 3002.01 47.57 6.722 16.560 18.096 10.46 0.001 1.000  —0.001 6805.8 114.8
—100.97 1.431 18.096 12.994 —218.89 —0.002  0.001 1.000
79.74 20.028 —3.065 5.929 —0.76 1.000 —0.001 0.001
11 || 2123.57 —30.52 —3.065 11.759 —0.232 2.06 0.001 1.000  —0.001 3850.0 52.4
19.92 5929 —0.232 0.796 —224.18 —0.001 0.001 1.000
16.38 9.579 —1.972 3.421 8.92 1.000 —0.001 —0.002
12 || 1105.06 —2.72 —1.972 11.528 —6.997 —0.00 0.001  1.000 —0.001 3790.6 50.0
0.41 3.421  —6.997 —4.964 —113.32 0.002  0.001 1.000
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Table5.7. Robot contact and link properties identified with heuristic walking motion, its

fall log, regenerated motion, and its success log

fthr kc

d.

ky

dy mug

N

N/m

Ns/m

N/m

Ns/m -

[ 18.6 | 75326.0 | 699.1 |

47245.7 | 468.5 | 0545 |

i m; ¢ I; Pji Rj; ks d;
D lg] [mm)] [gm?] [mm)] - [Nm/rad] | [Nms/rad]
0.61 167.340 —2.210 4.161
0 14735.2 2.94 —2.210 160.836 —16.852 - - - -
188.60 4.161 —16.852  200.502
—9.80 19.476  1.153 —5.267 —0.21 1.000  0.001 —0.001
1 2612.33 —32.49 1.153  19.645 0.333 95.77 —0.001 1.000 —0.001 3441.9 47.8
—2.32 —5.267 0.333 19.150 —19.11 0.001  0.001  1.000
—62.21 30.499 1.853 —1.089 0.07 1.000  0.000  0.001
2 4920.91 2.46 1.853  30.817 —2.155 25.05 —0.000 1.000 —0.001 6983.2 98.6
38.83 —1.089 —2.155 17.354 —91.37 —0.001 0.001 1.000
22.14 12.155 —6.145 0.883 7.70 1.000 —0.001 —0.001
3 2363.17 —64.64 —6.145 21.388 —0.243 0.31 0.001  1.000 —0.000 6503.0 110.8
—182.73 0.883 —0.243 0.583 —140.22 0.001  0.000 1.000
—30.82 32.743 —-8.179 5.199 —6.23 1.000  0.000 —0.001
4 3209.39 —45.33 —8.179 26.936 —1.618 —11.09 —0.000 1.000 —0.001 6380.2 100.0
—109.35 5.199 —1.618 11.485 —219.94 0.001  0.001  1.000
3.38 7.560 —3.784 —4.622 —0.07 1.000 —0.000 —0.002
5 2969.69 —39.55 —3.784 17.675 —6.755 —1.41 0.000 1.000 —0.002 3672.3 48.9
—38.10 —4.622 —6.755 11.204 —225.11 0.002  0.002 1.000
83.04 4.365  2.034 6.682 9.37 1.000 0.001  —0.001
6 829.167 —55.83 2.034 12.664 —7.273 0.20 —0.001  1.000 0.000 3747.3 54.9
—-9.91 6.682 —7.273 1.751 —114.29 0.001  —0.000 1.000
—19.59 19.472 —1.145 —5.274 0.05 1.000 —0.002 —0.000
7 2526.64 35.56 —1.145 19.646 —0.341 —96.04 0.002  1.000 0.001 3419.1 47.6
6.40 —5.274 —0.341 19.156 —18.92 0.000 —0.001  1.000
—61.82 30.500 —1.855 —1.089 —0.00 1.000 0.000  0.001
8 4927.24 —0.40 —1.855 30.810  2.151 —25.37 —0.000 1.000  0.001 7011.0 99.5
30.18 —1.089 2.151 17.347 —91.36 —0.001 —0.001 1.000
25.61 12.146 6.139 0.874 7.53 1.000 0.001  —0.002
9 2355.74 61.16 6.139 21.384 0.247 —0.59 —0.001  1.000 0.001 6538.1 111.0
—185.32 0.874  0.247 0.586 —140.45 0.002 —0.001  1.000
—31.72 32.736  8.174 5.194 —6.54 1.000 —0.001 —0.001
10 || 3243.67 45.65 8.174 26.926 1.608 11.36 0.001  1.000 0.002 6323.8 100.6
—118.40 5.194  1.608 11.479 —219.90 0.001 —0.002  1.000
—6.25 7.555  3.783 —4.629 0.21 1.000 0.000 —0.002
11 || 3016.26 33.30 3.783 17.668 6.761 1.54 —0.000  1.000 0.002 3699.4 49.0
—39.00 —4.629 6.761 11.201 —225.35 0.002 —0.002 1.000
90.19 4.361 —2.032 6.691 9.27 1.000 —0.001 —0.002
12 || 762.432 55.50 —2.032 12.669 7.274 —-0.17 0.001  1.000 —0.000 3737.9 55.2
—14.80 6.691 7.274  1.760 —114.62 0.002  0.000 1.000
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Robot contact and link properties identified with optimal walking motion and

its fall log

fn

T kc

d.

ky

ds

muy

N

N/m

Ns/m

N/m

Ns/m -

[ 31.4 | 67047.4 | 676.2 |

51168.0 | 496.4 | 0.752 |

i m; ¢ I; Pji Rj; ks d;
D lg] [mm)] [gm?] [mm)] - [Nm/rad] | [Nms/rad]
—8.47 152.632 —5.061 —4.701
0 19428.4 1.38 —5.061 158.807 —11.761 - - - -
105.85 —4.701 —11.761 212.788
52.75 6.164 —1.284 —6.908 —0.97 1.000  0.000  0.000
1 2469.0 125.66 —1.284 17.182 1.689 94.91 —0.000 1.000 —-0.002 3357.7 48.5
—74.97 —6.908 1.689 3.181 —18.62 —0.000 0.002 1.000
—49.73 23.332  1.968 —0.426 0.20 1.000 0.000 —0.001
2 4526.94 34.36 1.968 15.752 1.032 24.54 —0.000  1.000 0.001 6361.2 102.9
34.01 —0.426 1.032 14.740 —90.90 0.001  —0.001  1.000
31.80 9.642 —-8.219 —6.729 7.75 1.000 0.002  0.000
3 1406.59 —63.51 —8.219 3.467 —14.163 —0.65 —0.002 1.000 —-0.001 7671.4 105.5
—57.86 —6.729 —14.163 7.154 —138.75 —0.000 0.001 1.000
45.70 30.992  9.725  —0.460 —6.54 1.000  0.000 —0.001
4 4302.44 —b8.74 9.725  27.265 —1.394 —10.48 —0.000 1.000 —0.001 6602.3 108.6
—133.22 —0.460 —1.394 16.031 —218.71 0.001  0.001  1.000
29.06 2479 —8.436 3.209 —0.33 1.000 —0.001 —0.000
5 2415.86 84.23 —8.436 12.351 0.837 —2.41 0.001  1.000 0.002 3156.8 53.8
—143.18 3.209 0.837 13.719 —225.08 0.000 —0.002  1.000
—73.33 8.822 1.777 6.995 8.04 1.000 —0.001 —0.001
6 2218.68 81.61 1.777  5.646 —1.979 —0.01 0.001  1.000 0.001 3751.2 48.9
29.85 6.995 —1.979 11.347 —114.88 0.001 —0.001  1.000
60.18 6.164 1.277  —6.903 —0.62 1.000 —0.001 —0.000
7 2503.82 —119.72 1.277  17.191 —1.680 —95.10 0.001  1.000 0.002 3369.6 48.8
—75.85 —6.903 —1.680 3.180 —18.90 0.000 —0.002  1.000
—44.91 23.339 —1.970 —0.420 0.62 1.000  —0.001  0.000
8 4598.33 —32.80 —1.970 15.749 —1.042 —24.94 0.001 1.000 —0.000 6366.6 103.5
41.11 —0.420 —1.042 14.735 —90.50 —0.000  0.000 1.000
35.49 9.636  8.226 —6.728 8.18 1.000  —0.002 0.000
9 1496.84 65.01 8.226 3.471  14.156 0.62 0.002 1.000 0.001 7639.9 105.5
—63.98 —6.728 14.156  7.151 —139.15 —0.000 —0.001 1.000
41.04 30.986 —9.715 —0.453 —6.68 1.000 —0.000 —0.000
10 || 4313.65 51.56 —9.715  27.271 1.400 10.42 0.000 1.000 —0.000 6555.7 108.8
—127.88 —0.453  1.400 16.039 —218.38 0.000  0.000 1.000
33.75 2.469  8.429 3.219 —0.37 1.000  0.001 —0.001
11 || 2423.19 —86.88 8.429 12.348 —0.835 2.12 —0.001 1.000 —0.002 3148.0 53.8
—146.35 3.219 —0.835 13.716 —224.87 0.001  0.002  1.000
—69.05 8.822 —1.769 6.998 8.40 1.000  0.000 —0.000
12 || 2126.95 —81.84 —-1.769  5.652 1.971 —-0.34 —0.000 1.000 —0.001 3719.9 49.0
24.41 6.998 1.971  11.347 —114.52 0.000 0.001  1.000
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Table5.9. Robot contact and link properties identified with optimal walking motion, its

fall log, re-optimized walking motion, and its success log

Jenr

kC

d.

ky

dy mug

N

N/m

Ns/m

N/m

Ns/m -

[40.9 | 64046.4 | 717.0 | 53422.0 [ 495.3 | 0.602 |

i m; ¢ I; Dji Rj; k; d;
D lg] [mm)] [gm?] [mm)] - [Nm/rad] | [Nms/rad]
20.40 150.868 —2.047 —3.154
0 18283.2 —8.31 —2.047 164.750 —8.432 - - - -
95.96 —3.1564 —8.432 198.556
—91.74 15434 —-9.836 —2.144 —0.50 1.000 0.000  0.001
1 2782.74 65.14 —9.836 8.944 0.322 94.30 —0.000  1.000  0.000 3409.5 54.7
—119.53 —2.144  0.322 2.907 —18.59 —0.001 —0.000 1.000
24.72 14.307 —3.260 —0.278 0.72 1.000 —0.001 —0.001
2 4492.07 32.04 —3.260 25.725  1.448 24.16 0.001  1.000 0.001 7021.2 110.7
29.17 —0.278 1448 14.071 —-91.21 0.001 —-0.001  1.000
—53.15 21.737 3.126 8.126 9.31 1.000  0.000 —0.001
3 1389.22 11.61 3.126  4.547  0.640 —0.61 —0.000 1.000 —-0.002 7018.3 107.8
—28.24 8.126 0.640 14.408 —139.57 0.001  0.002  1.000
2.50 30.095 6.130 —8.879 —5.11 1.000 —0.001 —0.001
4 3092.79 —0.39 6.130 22.019 —10.087 —9.68 0.001  1.000 —0.000 7562.2 112.4
—110.69 —8.879 —10.087 9.227 —218.24 0.001  0.000 1.000
23.85 14.314 6.414 —4.731 0.70 1.000 —0.001 —0.001
5 2492.97 14.45 6.414 10.448 3.827 —0.78 0.001  1.000 0.000 3153.7 57.0
—137.53 —4.731  3.827 4.370 —225.87 0.001 —0.000 1.000
41.49 10.503 —1.440 2.656 7.67 1.000  —0.000  0.001
6 1640.6 11.67 —1.440 8.211 0.543 0.73 0.000 1.000  —0.002 3481.8 53.0
—99.28 2.656 0.543 —2.379 —114.16 —0.001 0.002 1.000
—92.69 15433  9.827 —2.149 —0.35 1.000 —0.001 0.001
7 2746.34 —69.45 9.827 8.940 —0.322 —94.37 0.001 1.000  —0.000 3421.4 54.2
—119.04 —2.149 —0.322  2.900 —18.82 —0.001  0.000 1.000
21.54 14.305  3.265 —0.269 0.92 1.000  0.001 —0.001
8 4395.53 —41.61 3.265  25.722 —1.444 —24.50 —0.001 1.000 —-0.001 7045.6 110.6
33.94 —0.269 —1.444 14.072 —91.08 0.001  0.001  1.000
—60.37 21.736  —3.117 8.133 9.73 1.000 —0.000 —0.001
9 1373.24 —20.27 —3.117  4.545 —0.636 0.64 0.000  1.000 0.002 7064.9 107.6
—24.93 8.133 —0.636 14.399 —139.54 0.001 —0.002  1.000
—4.89 30.093 —6.132 —8.878 —5.14 1.000 —0.000 —0.002
10 || 3125.59 —0.36 —6.132 22.025 10.083 9.69 0.000  1.000 0.001 7535.4 112.3
—115.79 —8.878 10.083  9.233 —218.38 0.002 —-0.001  1.000
26.92 14.323 —6.415 —4.723 0.29 1.000 0.000 —0.002
11 || 2444.48 —13.14 —6.415 10.441 —3.820 0.46 —0.000  1.000 0.000 3146.5 56.6
—137.97 —4.723 —3.820 4.372 —225.59 0.002  —0.000 1.000
37.82 10.507  1.450 2.660 7.44 1.000 0.000  0.001
12 || 1590.89 -3.79 1.450  8.206 —0.539 —0.56 —0.000  1.000  0.002 3462.7 52.8
—100.17 2.660 —0.539 —2.375 —114.65 —0.001 —-0.002 1.000
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O 6.1. Several researches on walking motion are placed in two directions: passive or
active, and low or high degree of freedom. Passive motion is low-energy and

back-drivable but not general-purpose, and vice versa.
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0 6.2. Low-energy-cost and general-purpose robot use both of active walk and passive
walk.
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0 6.3. We design and develop a enough small brack/clutch mechanism mounted in
robot’s joints.
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0 6.4. System flow of synchronized brake/clutch.
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/ active rotation

controlled by actuator

O 6.5. Both links have some holes for pin movement, and each hole has a relatively

constant position.
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O 6.6. Size comparison with JAXON [1]. Small enough for real life-sized humanoid robot.
JAXON has 32DOF, 127Kg, 200W motors, from 200 to 679Nm, volume of knee

link is 150mm?3.
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0 6.7. Simulated stress with finite element method (FEM).
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O 6.8.

The condition of not sliding is fucosf <
fsinf < p < tanf. Because metal fric-
tion is about p > 0.2, if 6 > tan™1(0.2) ~
11.3 degrees, < tan@ is satisfied.
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7 0.5mm space collision

Lo
i &
0.5mm = 0.5m * 0.01rad

0 6.9. tan™"(0.2) slope and 0.5 m radius has about 0.01 radians error tolerance.
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LEG Swing

O 6.10. Synchronous control experiment: leg freely swings like pendulum.
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Time [sec]

10

0 6.11. Experimental result (w/o EKF prediction): The target position of linkl is the

current link2 position. The maximum error is over 2 degrees.
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I = —mgsin(q + qo)
={= —gsin(q +¢%) (6.1)
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dk — At sin(qr + qf)

= ar + Atqp + wi, (6.2)
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6.2.6.3.1 Prediction

Qi — At sin(qp, + q%,k)
Tpt1le = Q) +OAtQk|k (6.6)
Ak |k

0

Tk|k
5wk|k

1 —At?c —At%c

1)
Ohtllk _ [ Ar 1 0 (6.7)
L 0 0 1
(¢ = cos(gy + qg\k))
5 [ 0Thgak 5 Spyin ) 5 6.8
Thtllk 5$k|k Tk|k &Uk\k + Wi ( . )
6.2.6.3.2 Kalman gain calculation
-1
K =%4,,,,C" (C+Ze,,,,C" +3y,) (6.9)
6.2.6.3.3 Correction
Tri1jk+1 = Trrae T Ki(ze — Coppagp) (6.10)
Emk+1|k+1 - (E - ch)zmk+1\k 6'11>
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0 6.12. Experimental result (w/ EKF prediction): The target position of linkl is the
predicted link2 position in the next timestep. The synchronous error is almost

under 1.0 degrees.
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0 6.13. Transition of EKF parameters: SENSOR=z, PREDICT=gq 51,

CORRECT:qk‘k, CENTER:qglk.
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0 6.14. Distance between the predicted link2 position and the corrected one (= gy|x—1 —

Qk\k)-
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O 6.15. Left image shows ML1 whole-body cad date. Right image shows enlarged view
of detachable spring mechanism. The spring connect and disconnect to upper
body link to switch passive walk and active walk.

O 6.16. Left image shows the side of detachable spring mechanism, and right image shows
the front view of the mechanism.
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Upper body

Upper body

Spring force BROKEN!

Actuator torque™

Swing leg Swing leg

0 6.17. Spring mechanism for passive walk has two problems to disturb active walk and
the other active motions. First problem is inner force which somtimes enlarges
the joint torque and energy consumption. Second problem is corruption of spring
as the result of high-load motion.
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Spring rotor =i =ie
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O 6.18. The sectional view of detachable spring mechanism. The mechanism has three

independent links; The first one is upper body link (green link), the second one
is spring rotor (red rotor), and the third one is leg link (blue link). These links
independently rotate if the clutch pin is detached and vice versa.
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0 6.19. Search clutch on/off timing, and consider on/off delay.
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O 6.20. Snapshots of an active-passive walking motion in real world.

00000000000 0bObOO00Ob000O000Ob0ObOODObO0O00O 6.21,6.220
00000 state 0000 420000000000000000000-200000000
ooooo,+10000000000DO0O0O0O0O00DOOOOOODOOOOOODODOO
oooo-1jo00ooo00ooo0ooOooOoooOooOoooOoooooooooooooo-20,-10
00000000000000000 DCO0D0000000000 encl,enc200000
gboOoobobooobbooobbooobbooobbooobooobboooboon
oooobooooooooooboboooobooboooboonD -10~=80000D00D0OO



200 060 0O0O0O0OO0OOOO0OOOOOOUOUOOOOOUOOOUOOOOOOOOOOOOOOOOO

[
f=}

status ——
encl ------- A
enc2 s

] status ——
;'.‘.....:.,....: . e FR K encl ------- 4
£ enc2

—
TR

—_
w

| |
n

—_
(=}

—_
(=)

-
[=1

. Clutch Target State
w O W

. Clutch Target State
wm O W

T T o e s

__
wm o
T
[
[« RNV

W1 2 i s 78 0 1 2 3 T8
Time[sec] Time[sec]
O 6.21. Right knee clutch status and O 6.22. Left knee clutch status and
servo encoder servo encoder
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O 6.25. Joint angles

6.23. Transition of quaternion while active-passive walking motion in real world. These values are
calculated by using an open source implementation of [107].

6.24. State transition while active-passive walking motion in real world. The state ids are 0 for Start

State, 1 for Stance0, 2 for Swing0, 3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for

SwingN, 8 for StanceN, and 9 for Stop.

6.25. Joint angle targets and measured values for left six joints while active-passive walking motion in

real world. Because the motion is symmetric, right joints move similar to left joints.
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0 6.26. Passive walk with upper body O 6.27. Passive walk with upper body
needs upper body constratins will be possible if the up-
such that the upper body is per body is placed around the
always placed in the middle of middle of both legs by using

both legs. spring.
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semi-passive walking motion. semi-passive walking motion.
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0 6.30. Semi-passive walking motion is optimally generated. Start/Stop postures are
given; all joint angles are zeros. The other postures are optimized to minimize
CoT: Cost of Transport.

0 6.31. Snapshots of optimal semi-passive walking motion in simulation world.
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O 6.34. Joint angles

6.32. Transition of quaternion while semi-passive walking. These values are calculated by using an open

6.33.

6.34.

source implementation of [107].

State transition while semi-passive walking. The state ids are 0 for Start State, 1 for Stance0, 2
for Swing0, 3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN, 8 for StanceN,

and 9 for Stop.

Joint angle targets and measured values for left six joints while semi-passive walking motion of

actual robot. Because the stepping motion is symmetric, right joints move similar to left joints.
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0 6.35. Snapshots of a semi-passive walking motion in real world.
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O 6.38. Joint angles
6.36. Transition of quaternion while semi-passive walking motion in real world. These values are calcu-

6.37.

6.38.

lated by using an open source implementation of [107].

State transition while semi-passive walking motion in real world. The state ids are 0 for Start
State, 1 for Stance0, 2 for Swing0, 3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for
SwingN, 8 for StanceN, and 9 for Stop.

Joint angle targets and measured values for left six joints while semi-passive walking motion in
real world. Because the motion is symmetric, right joints move similar to left joints.
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0 6.39. Energy consumption while optimized walking. The peak of energy consumptios
are found in starting and stopping phase of walking.
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O 6.40. Snapshots of a brake walking motion in real world.
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O 6.43. Joint angles

6.41. Transition of quaternion while brake walking motion in real world. These values are calculated by
using an open source implementation of [107].
State transition while brake walking motion in real world. The state ids are 0 for Start State, 1
for Stance0, 2 for Swing0, 3 for Stancel, 4 for Swingl, 5 for Stance2, 6 for Swing2, 7 for SwingN,
8 for StanceN, and 9 for Stop.
Joint angle targets and measured values for left six joints while brake walking motion in real world.

6.42.

6.43.

Because the motion is symmetric, right joints move similar to left joints.
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