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Fig 3.1: Proposed thermal control system in whole robot systems
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Fig 3.2: Summary of joint load reduction system[55]
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Fig 3.3: Thermal model of a joint motor[55]
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Table 3.1: Thermal parameters of elbow pitch joint in left arm[55]

Parameter ‘ Value Standard Deviation ‘
Heat Coefficient(K) 25x%x 10 0.36
Radiation Coefficient(K,) | 1.9 x 1073 0.31
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Fig 3.4: Temperature of elbow pitch joint in left arm(Red) and result of fitting(Green).
Left: in heating, Right: in cooling[55]
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Fig 3.5: Left: Equivalent circuit of thermal model of a joint motor, Right: Comparison
of real temperature (Red) and estimated temperature (Green) in elbow pitch joint in left
arm[55]
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343 OO00O0ODOOOOO

gbooobodgbobopPObO,00000,00,0000D0O00D0DOODODO
gbooo.0o,bo0b0«~00000¢0 Eq.321000000000.

T = —k.q + kyg + kig (3.21)

0004000000,k 000,k00000000000000.0000000
00000000,0000¢=10,000¢=0,0000§=s0000Eq.3.220
0000.0000000000PO0O00.

7(s) = —k—;w(s) + kgw(s) + kisw(s)

Pw(s) (3.22)



— 0300 o0gboooboboboooooooobooboboobooognD —  ss

344 U0O0OO0ODOOODODDOOODDOODODDOOODDO

000000000000000000 Eq.3.170 Eq.3.18, Eq. 3.19, Eq. 3.20,
00 Eq.322000000000000000,000000000000000
0000Eq.3230000000.

1
w(s) = - —{T— (14 — 1)}

x
T.ki(s% + k—‘:s - ;j)

! — (tg—1) (3.23)

k
T2k;s(s? + ?(:S )

oboobOobbO,Eq.32300000000 Eq.3240000000.

1 d '
w(t) = - ( f SOt — u)du — f f()g(t — u)du)
kB Jo 0
1 ! U
+T§kl~ﬂ fo { fo J(dvig(t — u)du (3.24)

Eq.3.240000, f(t), g) 00000 Eq.3.25,Eq.3.260000000.

e sinh(Br) (3.25)
T4(2) — 7(1) (3.26)

f@
g(n)

U00,e,p0 Eq.3270000000000000000.

s2+%s—%:(s+a/)2—ﬁ2 (3.27)

gogobbooooobboooobAagbbooonobnEq.3.280000,Eq.3.290
ooooodooog.0AqODOO0O000000000000 r, 0000000
gbobobooooon q;’:}VDDD.

Ag = wAt (3.28)

Qref = Gref +1Aq (3.29)

345 0J00OO0oOooOOOOOOOOO000UoUoOoOooOon

obooobobobobobOo POUD Lk, 00k, 00 KOOOO0OOO0ODO.DOO
O0oboobobOobO ke, kg k)DODOODOODOO, 000, 0000000000



S — O30 00000000ODOODOLOOOOOOODODODOLOOO —

goboobobg,gobbogobboobbEg321000000000000
ggbbbuogoobobobuoooobbobuoooobobbuoooobobbaoa.
Uboobuoobobnb HRP-4R[S8]0 00O pitch O (LLELBOW P)D O OO0
goggobobbboobo,bbboddgog,gooooobbobooo,bbboood
ggooooououoooooobbboobobb.oooooobbbb,00040d
gooodk =248, k; =237,k =1120000000. 000 Feg370000
gb.00b0b0obo0obooboobuoobuoobobbobb140Nm]ODO
g.00gbbgoboobbooboobboitl e=105,=10.6,k =120
gbo,0dbr.=05000 LELBOW  POODOOOOOODOOOODOUOO.DOO
Fig37000000. HRPAARDOOOUODODDODOODODOOODDOOODO £1[Nm] O
gobbuooobbuogogbbo,gobbboobbbooobbuoobboon. g
Uoooboooboboobooboudbid AqU Figl37000000000. Aqg
gbob-13[rad]UD00DO000.000O0O0O0DO0ODO0ODOODO0ODObLODbObO
ggbbobooogbbboooobooboooobn.

35 JO0oobobobbbbooooooogad
351 O0OO0DoOOoOoOoOoOooodddoooooooooobonb

gbogboooobooo,obogbugbuogboobbobboobagn
gobbobooobbobuooobobobuooobboboooobbbooooboboba
gbooooooobOobD.Rgl38000000 HRP4AROODODDOOODOOODOOO
gbobooobobobooobobob,3o0bgbooboonboobd pitch O
gogbobboooobobobooooobbooou.gooobobbuodgn Ky =
7.0x10° 00 K, =1.5x10°,00000000000000 Ar=120000. O
gbobob0obOobobobobobuobuobDobDuoDooo0ol, k =k =0,k
=400,7.,=0.04000000.

0000000 Ty =4000000000000DLO0ODO0OD0ODOO Fg3.83000
O, 00000000 Fg380000000. Fg380b0booboobonboonon
t=S0[sec]UO0D0O0DOOO0O0O0OO0ODO0ODO0OOOOD e, DODOODODODOO,
gboboobod«~00000 7 00000000 1 00000000000



— 030 booboobooooooooobobobobooboobLDoDbOon — 87

20

Real Torque —
Estlmated Torque —

Torque[Nm]
o

iy
o
T

20+

-30 20 70 5 80 00 120
Time[sec]
2 T T T 0
Actual Torque
Reference Torque
Difference of joint angle i
ol 0.2
1-0.4

1-0.6

Torque[Nm]

1-0.8

Difference of joint angle[rad]

141

1-1.2

\ \ s ‘ . ‘ 1.4

0 10 20 30 40 50 60 70
Time[sec]

Fig 3.7: Left: Evaluation experiment for identification of motor model, Top right: Result

of multiple regression for left elbow pitch joint for HRP-4R, Bottom right: Result of

torque control for left elbow pitch joint for HRP-4R[55]
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Table 3.2: Thermal parameters of STARO[S5]

Parameter ‘ Normal Joint ‘ Water Cooled Joint ‘
Heat Coefficient(K},) 1.6 x 107 1.05 x 1073
Radiation Coefficient(K,) | 5.5 x 1073 5.6x 1073

Table 3.3: Torque control parameters of STARO[S5]
’ Joint ‘ a ‘ B ‘ ki ‘

Hip Pitch | 3.0 | 2.0 | 10.0

Knee Pitch | 5.2 | 3.0 | 5.0

Ankle Pitch | 4.8 | 3.0 | 2.0
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Fig 3.9: Left: Motion of STARO to overcome a step of 310[mm] to get into drive sim-
ulator, Top right: Transition of actual joint torque and torque limit at knee pitch joint in
right leg, Bottom right: Estimated temperature of motor windings at knee pitch joint in
right leg[55]
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Fig 4.1: Proposed localization and environment accumulation system in whole robot
systems

41 0O0O0OO

gbbbuoogbobbbooogobbuoobobbboooobbbuoodobon
gobobbobobbbodgoooooobbbobbbboodgoooo.odggo
gogobobobbbboboooobbbooo,bbobbbbbbooboudgugoo
gd.ouogoooogbboobobbbouooooooobbbbbbboodggo
gobobboobboodadg.bbbbbougoooooobobbobboodago
Fig4100O0O. 00000000 O0O0DOOODOOODOOObDOObObOODDbOn
gbbobogg,uoooobbooobobbuoodgbbbooobboooob,o
gbbbuooooboboooobboooobbbooobbbooobooboboo




66 — 040 0 00D00O00OOOOOODODODOODOODOODO —

gbogobgobobobob.boobgoob e3jgboobogog.

42 JU0000bOoooOobouooooooboon
Jodoooooobooooboood

0 O, DARPA Robotics Challenge[ 111D 00000000 0OOOOOOOOOOO
gbbogoboooobog,ggboobooobooboobboobboooba
gbbogobobobbobobooboobooboobb.booobobooobg
gboboogboooboobooboobbooboo,oobbobbooba
gogbbobooobbboooboobobuoooboboboooobbboooboboba
gbobobo,obobobobobobobobobobobobobobobn
gbobooobooo.obooobooboboobboobboobboobod
gbobooooo,oobouobouobubobobobobobobobobobd
gbobooobogoobuoobboobbooboobo.oboobobuoobbod
gogbbboodgbbbuoodobbbuooobbbooobobboooobbod
gobb,gbobbuooobbboogbboooobboodao,ugodgbbood
gb200 SLAMOO 30000000b0o0oboooboobobbobbob.

42,1 0D00OO0OOO0ODLODOOOOOOObDbDOOObDDbDOObOn

gboobgob3googoobgobobbobobobooboobooobg
ggbbbooogbbbuoobbbuooobbbooobobboooobood
gbbuod.goboobuobbuoobbuoobbodooooobobuoobbda
gdd,djggooooooooobobobbbbbbobbbbobobooogaad
goggobbbobbbbtboddgooooo.goooooobobboobboboood
gbooobodb,Rg420000000000000O0000O0O0O0O0O0O0O 30
U ScAMUOboodoogoooob,gobodboobbobbooboobon
gboobgo3gbgobgoobgoooboobbobbobboobooboobon
gbooboboobobo e 48). 00000 boooobobooboobo
gboobobboboobuooboobobboob.bobbobi0d Figda2d



— 0400 0000D00D0O0OOOOOODOODODODOOO — 67

High Computational Cost Low Computational Cost
Kinematics Kinematics Velocity Error Model
3D SLAM ba:Ded LocaI|2ft;c;n
pose pose
IMU IMU 2D SLAM
6D posel 2D scanT E{?fi tion
3D Pointcloud
LIDAR Dense 3D LIDAR |77 ‘Accumulation
— _|" Reconstruction —
StereoVision [ StereoVision |
environment map environment map

Fig 4.2: Comparison of integration concepts for localization and recognition
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Fig 4.3: Integration of localization and recognition based on execution frequency, local-

ization accuracy and pointcloud density
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Fig 4.5: Upper: Experimental environment for velocity model sampling, Lower: Mea-
sured error histograms and estimated Gaussian probability distributions of JAXON[70].
Green histograms show measured velocity errors and blue lines show fitted Gaussian dis-
tributions. Upper graphs are result of velocity errors from walking pattern generator and
lower ones are from visual odometry.[63]
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Table 4.1: Velocity error model parameters for JAXON[63]

Direction

Variable ‘ Gait Generator ‘ Visual Odometry ‘

X translation u 0.006[m] 0.0[m]
0.075[m] 0.05[m]
y translation u 0.001[m] -0.002[m]
o 0.15[m] 0.1[m]
z translation u 0.0[m] 0.0[m]
o 0.015[m] 0.030[m]
roll rotation u 0.0[rad] 0.0[rad]
o 0.001[rad] 0.3[rad]
pitch rotation u 0.001[rad] 0.3[rad]
o 0.15[rad] 0.06[rad]
yaw rotation u 0.0[rad] -0.002[rad]
o 0.15[rad] 0.06[rad]
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Fig 4.6: Calculation of maximum likelihood distribution from normal distributions
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Fig 4.7: Integration of localization result by particle filter
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Fig 4.8: Exprimental environment for evalluation of self localization in simulation.
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Fig 4.9: Odometry Evaluation by JAXON in simulation. Upper: Walking trajectory
of JAXON in the evaluation experiment. Ellipses show 30 errors of the Particle Filter
estimation. Lower: Errors from the ground truth in the evalluation experiment. Errorbars
show 30 errors of ParticleFilter estimation[63].
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Table 4.2: CPU load comparison of 2D and 3D SLAM methods
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Fig 4.10: Accuracy evaluation for rtabmap[74] in JAXON.
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Fig 4.12: A virtual constant height scan frame and simulated horizontal scan from accu-
mulated pointcloud[63]
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Fig 4.13: Simultaneous localization and mapping by Gmapping with proposed simulated
scan in unknown environment[63]



— 0400 0000D00D0O0OOOOOODOODODODOOO — 91

obo0s00D0O00DOO0OD0DOOO0DbO0ODbOO0ObOo0ODbOo0ODbOo0bOo0ODbO
gboodg,bgbbodgbuogbubbobobuodgboobboboobuoabbo
DDSIICDDD.DDD4.4DDDDDDDDDDDDDDDDD s;ooooo.d
gbb«gbba,bbodgbbudgib -0 «0bbooobbognD O
DDDDDDDDDDDDDDDDDDDDDszZﬁ_&SZDDD.DDDDDD
gboogbooobob.obodgbobossboboobbobbol1obbon
gboboboooooobooo.

ob,44000000000000000O0O0DOO0ODOODODOODOODO
gboooboboooobobd,Regd4.120000000000000O0O0O0OO
opbogboooo,0booboobogbbxydbboboboobooobdgda
gboogbogbdobogboobbobobo.ogboobobooboobbo
gooobodg P;’DDDDDDDDS?DFig.4.12DDDDDDDDDDDDDDD
DDDDDDDDDDDDDDDDDDDDDD.DDDDDDDDS‘fD Gmapping
DDDDDDDDDDDD,DDDDDDDDDDDDDDD%”T,DDD.DDDD
goobobobobobobobuobuobooo,obobboboAbbOoOOO
gboobuooboobooooboobuoobooboobo 2sml0boonD. O
gbobooboooboobgonJAXONDODoodDo SLAMO OO O Fig4.13 0
gb.gogoooobobobbbbbodooooooobobboobobboodggo
gbobboooob,ggobbobuogoobobooooboboood.

453 0J0O0O0OODOOOODODOOSLAMOOOOO

Fig4500000000000000JAXONDODOOoOoooobobonog
goobbbob.oogooobboobobbobdddooooobobobboooo
O0O0bOOb0O0oN=60,00000440000040Hz]O000O. 0000000
gbobooobboobboobbooos3spobo,bboogobobboooobooo
0000 groundtruthO OO0 O00O0O0O0O0.00000000000O0O0O0DOOO
OO0 groundtruthO 0000000000, 000000000000000000
ooogo.

OO0 Fg414000 . 44000000000000000DO00ODO0O0OOODO,



92

— 040 0 0000D00DOOOOOOODOODODODOOO

trajectory
0.5t — GaitGenerator
— VisualOdom
— VisualOdom + Feedback
ParticleFilter
Start SLAM
A /, v — GroundTruth
~ | ““ | ‘}
£ 0.0 N i\ / \ Actual Goal
c
e ﬂ \ /
= \ \ ~N '
% [Planned Goal] " f /
c anned 504 SN/ \ / [ SLAM Goal
| L ! [
£ -0.5 A,
> ’ _ i q
| l
' A
) W/ g/\‘
W A /r‘:_
—1.0 &ﬁ/{/\/
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
X Translation[m]
X translation 0.4 Y translation 0.2 Ztranslation
— — G‘aitGener‘ator ‘ — ' ‘ ‘ ‘ — ’ ‘ ‘ ‘
— VisualOdom
-g. — xiZu:Igdgm + Feedback é 0.2 -g.
N v e M| o |
[} 2 w (\ [\‘\ /\\7 [}
c 4 S 0.0 ﬂ A VY V c
8 S ND/W’\ S
© © ‘ 5 40 A AN AN
= € _0.2 2 005 Iy ANV W |
o oo o yi
= = = k
i e s el S, E—— S, | E—
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time[sec] Time[sec] Time[sec]
0.2 rpll rotation 0.2 pytch rotation 0.2 Yaw rotation
=) =) =)
o o o Al
s O S S 0-0"§‘~‘:@f\\m
i ) o
C c C
B 0.0 A 1 = —-0.2 ]
2 TV W\L 5 3
a4 o a4
-0.1 : : : -0.1 : : : -0.4 : : :
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

Time[sec]

Time[sec]

Time[sec]

Fig 4.14: Evaluation of self localization from 2D SLAM by real JAXON. Upper: Walking
trajectory of JAXON in the evaluation experiment. Ellipses show 30 errors of Particle

Filter estimation. Lower: Errors from the ground truth in the evalluation experiment.

Errorbars show 30 errors of Particle Filter estimation[63].
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Table 4.3: Evaluation of localization errors in walking[63]

Direction Method Avg Abs Errors ‘ Final Errors ‘
Gait Generator 1.03[m] 2.31[m]
X translation | Particle Filter 0.054[m] 0.025[m]
PF + SLAM 0.038[m] -0.023[m]
Gait Generator 0.070[m] 0.043[m]
y translation | Particle Filter 0.064[m] 0.15[m]
PF + SLAM 0.055[m] 0.058[m]
Gait Generator 0.14[rad] -0.29[rad]
yaw rotation | Particle Filter 0.019[rad] 0.020[rad]
PF + SLAM 0.025[rad] | 0.037[rad]
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Generated environment map based on kinematics odometry

Generated environment map based on localization result

Fig 4.15: Evaluation of generated environment map based on localization result
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Fig 4.16: Obstacle avoidance in footstep planning considering environment
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Fig 4.17: JAXON walks avoiding an obstacle with footstep planning based on accumu-

lated environmental pointcloud
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Fig 4.18: Evaluation experiment of proposed localization with JAXON going up and
down a terrain. Upper: Captures of real JAXON and generated maps. Lower: Translation
of x, y and z axis and rotation around z in the experiment[63].
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Fig 4.19: Ackerman steering geometry[80]
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Fig 4.20: Evaluation result of driving task in simulation. Upper: Estimation result of
trajectory in evaluation experiment, Lower: Estimation errors in evaluation experiment
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Table 4.4: Evaluation of localization errors in driving

Direction Method Avg Abs Errors ‘ Final Errors ‘
Wheel Odometry 1.47[m] -3.0[m]
x translation | Visual Odometry 0.063[m] 0.15[m]
Proposed Method 0.24[m] 0.32[m]
Wheel Odometry 0.16[m] -0.20[m]
y translation | Visual Odometry 0.036[m] -0.096[m]
Proposed Method 0.068[m] 0.045[m]
Wheel Odometry 0.024([rad] -0.065[rad]
yaw rotation | Visual Odometry 0.0081][rad] -0.014[rad]
Proposed Method 0.0085[rad] | -0.00026][rad]
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Table 4.5: Evaluation of localization errors in skating

Direction Method Avg Abs Errors ‘ Final Errors ‘
Model Based Odometry 0.014[m] 0.003[m]
X translation Visual Odometry 0.035[m] 0.038[m]
Proposed Method 0.039[m] -0.049[m]
Model Based Odometry 0.066[m] -0.16[m]
y translation Visual Odometry 0.068[m] -0.16[m]
Proposed Method 0.033[m] 0.058[m]
Model Based Odometry 0.080[rad] -0.20[rad]
yaw rotation Visual Odometry 0.041[rad] 0.068[rad]
Proposed Method 0.043[rad] | -0.060[rad]
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Fig 4.21: Upper: evaluation experiment for skating motion of humaonid robot with
proposed localization, Lower: evaluation result of localization system in skating motion



— 0400 0000D00D0O0OOOOOODOODODODOOO — 107

gbobbooooboboboogoobn.
gbbbuogoobbooogbobbuoooobbboooobbbuooobon
gbbbuooobobboooobboooobbbuooobbbuooobobboo
gbobobobooz200 SLAMOOOgoOoooooooooobobuobon
guoddoo. oddoooooooooooobooboboobbbobobo, o
gbbbuooobobboooobbboooobbbuogobbbooobbboo
gbobbuooobbobuooobobobuoooobbbooobbboooboboboo
gboboooobbbobbboooooououoooo,booouguouagogoo
O SLAMObOgoogoboooboo.gooboobooboobooboobon
gbobbuooooboboooobbbooobbbuooobbbooobbboo
gbboboogbbobooobb,obbbuoodgbboboooobobooaob,o
gbobbuoogbobobuoooobboooobbbooobbbooobobboo
gobobooogoooo.
gbobbuooobobbbooogbobbooooboboboooobbbooonbon
gbbodg,bboggobbogobbuoggbboog.oobbuoodgboboo
gogooboobbbboboooobbo,bbbbbbbbbbbobooboudgaaoa
gbobboogobbbogobbbuoooobbboogobbboogboboboo
gbobobooogobobooogbobooon.
gboogobog,ggbuogboboguoobuogbobobobbooboanon
goobobbobobbboodoooooooboobobbo.obbbbboodggd
gbogbdodoogbbogoboobuodgboobbo,boobooboobbo
gobobooogobobbooooooboobod.






S0

Joooobobooboobbooddd
Jooooobobon






— 0sSoooobooobobooobooogooobobooboooDoD — 111

Continuous Task Execution System for Humanoid Robots

stereo images

current state

sensorinformation

laser|scans

ar,
indicat

Operatlon Interface

Operator

I L

Applications

Terrain Vehicle
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Fig 5.2: JAXON][70] on a Polaris RANGER XP900 [80, 84]
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Fig 5.3: System for driving vehicle with a humanoid robot[80, 84]
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Fig 5.4: Left: The crank equipment for steering, Right: Steering with impedance control
and angle velocity limitation[80]
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Fig 5.5: Upper: Pedaling strategy for JAXON and HRP2, Lower: Pedaling attachment
for HRP2
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Fig 5.6: Manipulable region of steering for JAXON(left) and HRP2(right) by left arm.
The sitting position where the robot can turn 360[deg] is light blue, one where the robot

can grasp a crank but cannot turn 360[deg] is deep blue, and one where the robot cannot
grasp crank is red

56 000000 0OODODOOOOOOOO

gobbboooobobobuoooobboooobbobuoooobbooogbo
gobbbooogbbbooobbbuooobboboooobbboooobood
gobbobooogbbobuooobbbuooobbboooobbbooogbood
gobobo.0boogobbooobbuogobbooobbooobooo,obobd
gobbobooogbbobuooobobobooobboboooobbboooobood
ggobbbooooobobbuoooo.bboooooboboobbuoooooobn,
ggbbboogbobuooobbobuooobboboooobbbooogbooda
goggobobboobboo.bobbbbooddoooooobboboobboboood
gogbobuoggobobo,gbbbgogbbbooooboboag.

5661 OOOOOOOOOO

gbooboboooboobobobooboobub eeboboobobobobog
bobd«0DO0000b0b0obOobo0.00bo0bi0beeb00ndxbO0O
gbobooboboboobd,e0xkbO0b00O0DO0OOODOODOOODOOO
0. Polaris RANGER XPOOO O OO0 o0 <0000 |l 2, D0O0O0O000O0OOO



— 0sSoooobooobobooooogooooboboboobooognD — 123

()-:3 T T T
Sampling Data
Ao ap)

0.25 [T T

: : : o
: : : o
.
: : : O
: : : o
S
. : ; ; K :
: : : . :
: : : o :
K

: : : K :
: : : R :
.
: : : R : ~
K
- H i ‘w‘ i
: : .t :
| : ot
B B R B
.
. : :
. : :
.
. : :
.
. : ,{, :
.
o :
N : :
.
. : :

curvature [m'1]

0.05

T
.
D
-t
7
i
1

.
an >t

A =0.026,a, = 0.61

0 1 2 3 4 5

steering angle [rad]

Fig 5.7: Fitting result of vehicle path parameters for Polaris RANGER XP900[80]
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Fig 5.11: JAXON drives a vehicle by teleoperation. Left shows user interface for operator
and right shows driving robot in real world (time series from upper left to lower right)[80]

Fig 5.12: Outline of the course which a humanoid robot drives along
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Fig 5.13: Snapshots of driving experiment with the humanoid robot STARO and the
Polaris RANGER XP900(time series from upper left to lower right). in each figures,
upper left shows suggested path as blue lines and obstacle point clouds as green points,
bottom left shows the camera image of STARO and right shows driving robot in real
world[80].
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Fig 5.14: JAXON drives a vehicle in DARPA Robotics Challenge[99] (time series from
upper left to lower right)[80]

Fig 5.15: HRP-2 drives a vehicle in DARPA Robotics Challenge[99] (time series from
upper left to lower right)[80]
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Fig 6.2: Detected global plane from environment pointcloud
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Fig 6.4: JAXON goes and returns the terrain
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Fig 6.5: Evaluation of localization accuracy in JAXON going and returning the terrain



146 — 0O 60 U0 D0O0OD0ODODODLDOODOODODODOLOOODOODO —

Fig 6.6: JAXON passes through door planning footsteps based on environment point
cloud
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B8 with a carrying objects ; e & without carrying objects

Fig 6.7: Obtained environment pointcloud with and without carrying a object.
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Fig 6.8: JAXON walk through terrain while carrying a object by footstep planning and

localization system
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Fig 6.10: Velocity controller for autonomous driving
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Table 6.1: Velocity error model parameters for JAXON
Direction Variable | Proposed Localization ‘ Gait Generator ‘

X translation u -0.0011[m] 0.016[m]
0.019[m] 0.011[m]

y translation u -0.022[m] -0.042[m]
o 0.034[m] 0.034[m]

z translation u 0.012[m] -0.034[m]
o 0.026[m] 0.029[m]

roll rotation u 0.058][rad] 0.053[rad]
o 0.055][rad] 0.47[rad]

pitch rotation u -0.073[rad] 0.50[rad]
o 0.17[rad] 0.46[rad]

yaw rotation J7i 0.0068(rad] -0.12[rad]
o 0.060[rad] 0.36[rad]
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Fig 6.14: JAXON turns valve with proposed localization and feedback velocity control.
Upper: Captures of real JAXON and its user interface in turning valve. Lower Left:
Translation of x and y axis and rotation around z in the experiment. Black dotted lines
show the target pose. Lower Right: Estimated pose resulting from the gait generator
odometry is used[63].
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with localization
success 9/10

Fig 6.15: Success rate evaluation by JAXON with and without localization and feedback
walking
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Fig 6.16: JAXON passes through terrain and turns valve while executing recognition and

planning process for valve task
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Fig 6.17: JAXON opens door and turns valve sequentially with autonomous footstep

planning
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Fig 6.18: Execution time in sequential opening door and turning valve task with proposed

method
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skating

Fig 6.19: HRP2-JSKNT executes skating and opening door task sequentially
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Fig 6.20: Estimated trajectory in skating and opening door task



— DbDel b ODbOODOODOODODODODDOODOODOODLO — 165

gbogob.gobo. iouogbboobuogb,obboobuooboobbon
gbbogdbbooobbboobobbuooo.oobbooob,ogboboo
gbbbuoooobboooobbbooobbbuooobbbooonooboboo
gboboboooobbbuooobobbbooognobobooooboog.

65 U0OGUQU

oooo,04000000000000D0DOODODODOODODODLDODO
gobobbbbbboododgooodooobbbbbobbouoooooooon. o
gbbbuooobbbooobobbuoodobbboooobbbooobbboo
g, ggboobbodgbuoobboobugbogoobbodbobuoabbo
gbogbbobobodbob.boobboobuooboobbooobbabo
gbbbuoogbobbuoooobboooobbbuooobbbuooobbboo
gbobo,ggbobbbooobbbooogbbbuoooobobooonobn.



166 —0O60 0 00000ODOODOLDOODOODOODODOLODOODOOLO —

Fig 6.21: Continuous multitask experiment with accumulated state estimation by JAXON
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MutisenseSL
(LIDAR sensor in 40Hz with
1.0[rad/s] spindle and
Stereo camera in 15Hz)

Fig 1: Hardware overview of JAXON][63]
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Fig 2: Dimension and Joint Placement of JAXON[105]
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Table 1: Gear Ratio, Current Limit and Torque Limit of JAXON[104]
Limb Group Harmonic Joint | Torque | Current | Torque | Ratcheting

Joint Gear |Pulley| Gear | Const | Limit | Limit | Torque

Total DOFs - 33 Ratio Ratioy Ratio |[Nm/A]| [A] | [Nm] [N?n]
yaw 160 60:40 {240.0| 0.0205 | 69.1 | 340.0
Leg Crotch | roll 160 60:25|384.0| 0.0205 | 69.1 | 544.0

pitch 100 60:25 [240.0| 0.0410 | 69.1 1000

Knee |pitch 100 60:25 |240.0| 0.0410 | 69.1 1000
DOFs: 6 x2 Ankle pitch 160 72:40 [288.0] 0.0205 | 69.1 | 408.0
roll 161 60:40 |241.5| 0.0205 | 69.1 | 342.1

Torso roll 160 60:25 |384.0| 0.0410 | 55.2 1000

DOEs - 3 Waist | pitch 160 60:25 [384.0| 0.0410 | 55.2 1000
yaw 160 60:25|384.0| 0.0205 | 55.2 | 434.5
Head Neck |YaW 160 72:251460.8| 0.0205 | 30.4 | 287.2
DOFs : 2 pitch 160 72:251460.8| 0.0205 | 30.4 | 287.2
Collar | yaw 160 72:25 1460.8| 0.0205 | 30.4 | 287.2
Arm pitch 160 72:251460.8| 0.0205 | 30.4 | 287.2
Shoulder| roll 160 72:25 1460.8| 0.0205 | 30.4 | 287.2
yaw 160 72:251460.8| 0.0205 | 30.4 | 287.2
Elbow | pitch 160 72:251460.8| 0.0205 | 30.4 | 287.2
) yaw 160 72:251460.8| 0.0205 | 30.4 | 287.2
DOFs : 8 x2 Wrist | pitch 160 72:251460.8| 0.0205 | 30.4 | 287.2
roll 160 72:25 1460.8| 0.0205 | 30.4 | 287.2
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Fig 3: Upper: models of HRP2JSKNTS / ATLAS V3 / STARO / JAXON (left to right),
Lower: reachability maps for left arm of each robots[104]
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Table 2: JAXON’s range of joint motion and max torque. Left link range is symmetrical
to right link[105].

Limb Joint |Range of joint motion | Max torque
number [deg] [Nm]
15 -32.0 to 30.0 +
Head 16 32.01039.0 220
12 -8.0t0 8.0 -
Torso 13 0.0t0 32.0 >74.3
14 -60.5 to 60.5 287.27
17 -17.6 to 81.4
18 -180.0 to 180.0
19 -180.0 to -15.8
. 20 -180.0 to 180.0 ¥
Right arm —7 1255 10 60.0 220
22 -180.0 to 180.0
23 -89.0 to 87.0
24 -80.0 t0 59.0
0 -58.8 t0 62.9 2207
1 -41.5t0 30.0 4507
. 2 -121.4 t0 45.0 -
Right leg 3 00101539 679.9
4 -79.4 to 84.4 ;
5 -60.0 to 60.0 220

TRatcheting torques of harmonic drive reducer
T"Torques calculated from the current limit of motor driver system
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Fig 4: Left: THK hand, Right: Isolator for THK hand[104]
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Fig 5: Joint Control System for each Joint[98]
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HRN

Fig 6: Water Cooling System. Upper: dimension and photo of double motor case[108,

98] Lower: water circulation and cooling system / reserver - pomp - radiator[104]
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Fig 7: 12V Line Li-Fe Battery, 80V Line Li-Fe Battery and Charging Station (left to
right)[104]

Table 3: Specification of batteries[70]

Name 1 cell 1 cell Parallel | Series | Voltage | Capacity
voltage[V] | capacity[Ah] | number | number [V] [Ah]
12V 33 15 1 4 13.2 15
battery
80V
33 2.5 1 22 72.6 2.5
battery
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Voltage[V]

Voltage[V]
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76
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,,,,,,,,,,,,,,,,, — 72V Servo Vattery

I

12V Control Board Vattery
12V PC Vattery

1 1
20 40 60

Time[min]

Fig 8: Li-Fe battery Voltage Transition[109]
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A.1lS5 JAXONOOODODO

ggboboobuoooobobooogn

Fig 9: Main sensors in JAXON: 6-axis force sensor(JR3 67M25S3-M40B-DH), 6-axis
force plate(Leptrino CFP230QA202R), IMU(Xsens MTi-300-6A5G4).[104]

FigooOOoOoOoOoJAXONODUODOOoooooooooooboooooboedD
gooobo.0be0bbobOobOOObObObOODOJAXONIODDODODOOOO
JR3 67M25S3-M40B-DHU [0 O O Leptrino CFP230QA202R [, JAXON2 O O O 0O O
0000 JR367M25S3-M40B-DHO OO OODOO. Table.4 0 Table. 500 600 O
gbobobogobo.boebb0b0ObODbODOOODOUODODODODOODOO
gobooooooooobog,00b EMIDODOODOOOODOO. Fig.100 EMI
gboobgobobbooboobgoobon.

Table 4: Specification of JR3 67M25S3-M40B-DH [110]

Diameter 67mm
Thickness 25mm
Weight 370g
Fx, Fy +600N
Standard Measurement Range Fz +1200N
Mx, My, Mz | +40Nm
Resolution 1/16384

O0,Figo0d0JAXONODOOOOODOOOO0OOO0O000. JAXONDO O Xsens [
0 MTi-300-6A5G4A0 00 00. 0000000000000 0O0O000O00OO000OO0
g,0gboboobuooboobboobooboobbooboobooboo.
Table. 6 O ODOOOOOOOOO.
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Table 5: Specification of Leptrino CFP230QA202R[104]

Demensions 230 x 135 x 30 mm
Weight 2000g
Fx, Fy +1000N
Standard Measurement Range Fz +2000N
Mx, My, Mz +200Nm
Resolution 1/2000
loment x [Nm] 4 Force x [N] Wlth El\c!‘ﬁlterMoment x [Nm]
' 3 0.3
2 0.zF
1 ;i 0.1
Spoetiaishuhatiintieety 1 bl
i 203
:3 - std : 0.262 :g-j Istd :0.018
b Force y [N] u:4 Moment y [Nm] _
3 0.3
2 0.2
1 e 0.1
o 0.
3i i ot - Lo
-3 [std o180} -03} [std : 0.014]
: - i Force z [N] u:u Moment z [Nm]
. 3 0.3
| 2 0.2
. 1 0.1
0 0.0
i “l | W,ﬁh | 5 53
il - . . [std:0538] -03 [std-0.013

~0.4! - 4
S w1 W m 2 © 5 10 15 20 25 30 0 5 10 15 20 25 30

Fig 10: Force Sensor Output in no-load: Left: without EMI filter, Right: With EMI
filter[104]
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Table 6: Specification of Xsens MTi-300-6A5G4 [111]
Orientation accuracy
Roll / pitch Static Typ : 0.2° / Max : 0.25°
Dynamic | Typ: 0.3°/Max: 1.0°
Yaw 1.0°
Sensor specifications
Gyroscopes Accelerometers
Typ Max Typ Max
Standard full range 450° /s - 50 m/s? -
Bias repeatability (1 yr) 0.2°/s 0.5°/s 0.03m/s? 0.05m/s?
In-run bias stability 10°/h - Oug -
Bandwidth (-3 dB) 415 Hz N/A 375 Hz N/A
Noise density 0.01°/s/ VHz | 0.01°/s/ VHz 8u g/ VHz 1u g/ VHz
g-sensitivity (calibrated) 0.003°/s/g 0.015°/s/g N/A N/A
Non-orthogonality 0.05 deg - 0.05 deg -
Non-linearity 0.01% FS - 0.03% FS 0.5% FS
Magnetometer Barometer
Typ Max Typ Max
Standard full range - +80uT - 300-1100 hPa
Noise density 200 4 G/ VHz - 0.1 hPa/ VHz -
Non-linearity 0.1% FS - - -
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Fig 11: Vision sensor for JAXON(Carnegie Robotics MultiSense SL).[104]
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Table 7: Specification of Carnegie Robotics MultiSense SL [112]

PHYSICAL DETAILS
Demensions 18 X 18 X 13 cm
Weight 2.6kg
Operating Temp -10°C to 50°C
Input Voltage 24V DC nominal, 18V to 28V max
Power Draw 20W nominal, 75W @ peak RPM /full lighting
Interface Gigabit Ethernet, Opto-Isolated I/O
Sensors Stereo Vision, Laser Range Finder
STEREO DETAILS
Algorithm Semi-global-matching
Range 0.4m to 10m
Std Lens FOV: 80° x 45°, Focal Length: 6.5mm
Output 2Mpx: 10FPS, 240 disparities
0.5Mpx: 30FPS, 240 disparities
Depth Resolution @Im: £0.3mm, @10m: £30mm
Standard Imager | CMOSIS CM V2000, mono or color Bayer
Optional Imager | CMOSIS CMV4000, mono or color Bayer

LASER DETAILS
Model Hokuyo UTM-30LX-EW
Laser 905nm class 1 laser
Scan rate 40Hz
Field of view 270 degrees
Angular Resolution 0.25 degrees (1081 samples per scan)
Detection range 0.1m - 30m
Accuracy +30mm (0.1m-10m), +50mm (10m-30m)
Multi-Echo Up to 3 returns per sample

IP rating P67
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Fig 12: Control PC and Vision PC inside Robot back pack[104]
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Table 8: Specification of computers[104]

Control PC Vision PC
mother board | GIGABYTE H61N-USB3 | GIGABYTE M4HMS87P-00
Dimensions 215%206.5x106 mm 62x111.4x111.4 mm
Weight 3.0kg 0.4kg
CPU Intel Core i7-2700K Intel Core i7-4770R
3.5GHz/4core/8thread 3.20 GHz/4core/8thread
Memory 16GB 16GB
SSD 128GB 480GB
OS Ubuntu 12.04 32bit Ubuntu 12.04 64bit
Kernel lowlatency kernel generic kernel
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Fig 13: Whole system diagram of JAXON[98]
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Fig 14: Detailed system diagram of motor servo system[104]
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Fig 15: Detailed system diagram of robot body control system[98]
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