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-Height: 130cm -Height: 90cm
-Weight: 20kg - Weight: 45kg - Weight: 35kg
-Joint DOFs: 63 -Joint DOFs: 58 - Joint DOFs: 46
-Muscle Num: 108 -Muscle Num: 109 -Muscle Num: 82

-Weight: 19kg
-Joint DOFs: 73
-Muscle Num: 94

Kenta(2000-) Kotaro(2005-)  Kojiro(2008-)  Kenzoh(2010-)

0 2.1: Musculoskeletal humanoid Kenta, Kotaro, Kojiro and Kenzoh that are developed in previ-

ous studies [14].

-Height: 165cm

£ 5 -Weight: 56kg
-Joint DOFs. 68 -Joint DOFs: 114
-Muscle Num: 92 -Muscle Num: 106

-Height: 160cm
-Weight: 52kg

Kenshiro(2012-) Kengoro(2016-)

0 2.2: Human mimetic musculoskeletal humanoid Kenshiro and Kengoro.
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Link Length Weight Balance

50kg in total

O 2.3: Design target on link length and weight ratio. This human bone is from [23].
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2. 0000000000
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goo.

O 2.4: Humanlike poses of Kengoro and Kenshiro thanks to human mimetic body proportion.
Left: humanlike sitting with crossed legs. Middle: roll over pose. Right: sitting inside a narrow

car setup.

222 Q000000000

oooo0 ‘coooooboooorog,0o0o0ooooooo,ooooobobO,0oob0000
oboooobooooobooooboboboobo,b0b0o0ob0obooob0obo0oobDoboboooDOoDn
oboo. 0o 250,000000000b00o0ooooooobobobobooobooo,ooo
gobo,g0oobooobooobooobbooboobboob. bboobbooob,od
goboobooboooboobooboboobooboobb,obbooboo,bobbooboa
o3pboobooooooobo,ooooboobooooboobooooooDo.

gboboobooooobg,obobooboboboboooboobob,boboboboboo
goooboo,boobooboobooboobooboobooboobooboob. od
gboooooooodoobo,0obo0obobooooboobooboboooo,b0boboooooo
gbobodoboboboobo,boboboboboboobo,0obobobob,bcoboooon.



26 — 020 0 00000000000000000000000 —

go,0obo0oboogboooooooob,booboobooooobooooboobbooboog,00oDo
gbooooooboo,o00goboobooooobobooooobobooboooDo.

goooooooooogo,ob,boooboobooobooobo,1bob01obooooobogoo
gooo,0bobooboboobooboooooobooboooboooboOoobDOoooDobooobboODbo
goo,00oooooooooooobooooboooobob0.0oobo,0obo,o0ob010D0DbO
gooooo,0ob0bob0ob0oboboboboboobo,bobobobooboboboooo
.o 30bo00ooobooboobooboobooo,obob0obooboobooboobooooboobn
gbooooooobooboo,obooooboob,0obobobooooboooobobobooon
gboooobo.ooo,obooboobooboooooboooo,obobooboobooon,o
gboooooboobooooooboob,booboobooboooooboobOobo. 0obooboon
gboooooobobooooboobo,0booboobooboooooboobobooooo.booon
g, gobooooooooooooo,booboobooboobo,obooooooooboobn
gboooooboobooooooboooog.

gboooboobooo,boobooooobooobooboobooboobooboooooboon
gboooooobobooooboobo.boboooobooboooo,00b0obobooooboOoboOoobn
00000000,000419'000,00000000 HRP2O 28,0000 640000000
ug.00boo,oboboooboobooboboooooboobobooboo,0boooooboobOoobao.
gbooboboboboooo,boboboboboboobooOooboOobOOobO,0boboboooon
gboobooboobooboobobo. ooooboo,obobobobobobob,0b000b0000on
gboobooo,bobooooooooobobo,0coboobobooboooboooobobOoboon
g.0o0ooogob,0o0oboooboooboogo,obooboooobooobooooo,boboobo
gbooooo,booboobbooboooo,oboobooboo,boobbo00oboooboonbn
gbooboooobooboob. ocoboobooooo,0boobooboooobooboooaa,
gboboobooooooobOooboboboooooo,oboo0b0o0ooooo,0coo0obooob0oon
gbooooboooooooobooobooooboooboooooob. o0, 00000,0000
gboooOoboooboobooboyawdOOOOO,000000000000,000000 30
gbooooooboooooboooooon.

IRPY DODODOOOD.00000000000,548000000.
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| Free-formed ribcage and pelvis | Sphere joint

for large joint range

Flexible multiple
spine joint

0 2.5: Human mimetic joints and bones of Kenshiro [20, 29].

oooooooooon
gooooobooooobooogoooo,boooooboo.
1. 00ooobOobooboobooocoboooooon
2.000000000D00000

1.00000,0 26000000,0000000000000000,00000000C000O
oboooooobo,ocobo0oboobocoboobooooooboobo,obooooooboooon
goo.oo0,00000o00boooo,0cobobooooobooooboboooooono.

2.00000,00000000000000,000000000O000, 00000000020
ooooobooo.oboo,00booo0booobobooob,0booboboo0oboooboobobooobn
obooooooo,0o0o0o0obooooooboob0oboboboobobooooo,0 2vyboooon
oboooboooboooooboboooooboooobooon.
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O 2.6: Adapting to the environment by using musculoskeletal flexible joint structures.

Switch gas and brake pedals during car driving

Rotatable in knee flexion

O 2.7: A situation of using knee’s yaw rotational DOF. Musculoskeletal humanoid Kenshiro can

switch gas pedal with brake pedal during car driving like human [29].
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223 000O0OOO

ooooo «cooooooroo,0ooo0ooboobooo,0ooooO0ooo,0b0o000o0oDo
obooooo,0o0cobooboboobooooobooboooooooboooboo,obo00.0obooo,
oboooooooooooobooboooboobooobooobooboooo,coboooooOoon
oboocooOobooo,0ocobooboooooboooooobooooooa.

obobooboooboboboboobooboooboooo,0b0o0booboboboboobooog,
obooboooooooboobobooooooooboobob,0c00,0000b00b00oboo0oooon
000 [30,31]. 00000,0000000000000O000O0O0OO0O, 00000000000
gbogbgobobooboooogab. oo, 0oobobobobobobobobobono,oobda
O0oo0o0o0ooUo 3200000000, 000000000000 0oo0ooooooooo
gboboobooobooboobb.gobuoobuooboa,oaoboobooaobooaoboaobod
oooOo 28000.

gbobgoboaboobboob,gobooboob,ggoboobboooboobaoabo
gbooboodoooob.gobobobobboboobooboobo,booboboboobod
gboooooooboobobo,oboboboo,ooooo,bobobbooboooooooon.
gobo,0b0oobobooboobo,o0boobooobooboobooboboobobooboa
go,0b00bgoboobobo,boboboboobobobo,bobooboboboooba
g,gbobooobooboboobbooboooboobbooboboobbooob. ooobb,da
gbobooooboboooobooboboboooobobob,bbo0obooooooboobob,
gooboobooboobobooobo,obooboobooob,0booboboooboboobon

gooooooboooboobooobon.

224 000O0ODOOO

gobooobooob,obbooobooobobooobooooboo. ooooooboooooooon, o
obooboooooo,obooooooobooboobo. oo, 00b00obooboboooo
oboobo,b00bo0oobooooo0ooboobooboobo. bboo,00bo0oboooon
goboobooooooboo.ooooooboo,coobooobooobooobo,obooboooo
boobo,00o0o0obooooboooobooob,booooboboooob. boobOo,obooon
goo,b00o0oo0oooob,bocobooboooobooboobooobooooboooooon,oon
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O 2.8: Muscle arrangement of human and Kenshiro [17, 20, 33].

gobobooooboobooboooooDo.
go,00b0bobooobooooogoobogoob,0ooobobobooboooooooobooDbOoon
goooooooooooooboo.sgoobobo0oooo,o0oooobooboo04000,00
gbooboooboooobooboobooboo,oboobo0ooooboooooboobooobooDn
gbooooobooooboooobooobobo.0ooboooboo,000obooboobooobobooooboa,o
gboobodob,0coboobooboboboboboboooooooo,b0oboboboobooon
gbooooobodobo.oobo,0bobooboboobocob0obooooboooooboooboon.
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23 0U00O0OO0DOOOOOOO

23.1 0O00O0OODOOOOoOn

gobooobooboooobobdoo,oboobobooobobobooboboobobobo

gbo,0b0bobooobgoon.

e JOODOOO

obooobobooobooooobooooooboobooobo. ooo,00booobooobo,booon
obooobooboooboobooo,0o0o0bo0boooboooo,ob0o0booooboooboo,oo0on
oooooooboobo,0oobocoboboooboooboobooobooooooboo.oo,on
obOobo0ooooooooooobooboo,00cobooooboobobobobooboooon
oobOoobooooooo.0oboooboooboooboooooboooooooooo,cogoon
oboooooobobooooobOooboboooooobooboboOo,boboooon
gboooboooobooooooooboooob. boboboboooobooooobo,0o0o0ob0oon
obobobobobooooooo,bobobobooooo,0bo0obobOobobooon

g,bgbboaboobodgbogbooboobaon.

gboogoboogo
gboobooo,0boobgbobobobooboboboboboobooboobobobo
gobogobobobooboooboo,oobooboooboo,0boobooboob. 0ooo
gobog,gbboooboooobooooboooobboobobooobbooobobon, o
oboobooooooboooooooooboobooboob.oobooboooboon,
uboboooobobo,0boboboooooboobobooooooboboboooon
oooobooog.

gooooo
go,00b0oo0oooboooo,oboboooboooobooobooo,ogoooooobon
gbooobOobooooboobooooobobo.0obooooobooboobooboOooboooon

boooboooobooo,0cobobobooboooboobooooboooboobooooon.
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232 U000bObOOOOoObObObOOOOn

gbooboooooobooboooooooob,0o0o0bbooboobooooooboooobooon
ooooo. bobooo,0boo,0b0bobooooooboobooboboooboooboooon,
ooboobooooobobo.b0bobooooboobooooobobooobo,oboocoboobooooon
ooooboobooo,booboobobobooobo,cobooboboooooboobooooboooOon
O,000000000b000b000,00b00000000 29000,00000000000RO

ooooo.
Motion | of Zosemorl | o] Musioseea | S musoe " ow e k) o> Aci
command ernO( ag )a Humand i A imama 1 i
Cy, €iC.. (internal force)

Muscle control based on
sensor feedback

L E——

Balancing strategy based |_
on sensor feedback

O 2.9: Motion achievement system overview for a musculoskeletal humanoid.

oobooboooobooboooooono

gboboooobo,oo0ooboboo,0obobooocbooboo,oboooooboooooboon
obooo00o. oo,0b0b0b00oboboobobobo, 00000000 eb0bOOobObOODbDOn
OzMpOODODOOOOO,000000D0COO000O0DOOOOOODODOO.DOOO,000
ooboooo,000b00ob0ooobo0obobooboobo0ooooboooooooboooooooon
oobooboooooboobobooooboobob. ooboooboooooo,obobobobooobooon
oooooooobo,0boooboooo,b0oboboobooobooooooooobooboboOobOobon

gbogbooboobobboa,bobbobbooboobooboaog.
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gboooboobooboobon

gboboooboobooboooboobooboooboo,boboboobooboooboobooooon
gbooooobooooo. ob,0b0bo0boocobobooboobooboboooooboOooboooon
uo.oob,0b0ooobooobboooobobooobooooboooboooooboooooboooono
00o000o0o0ooUooUo (O 210). 000D0DO0DOD0OD0DO0OUODOOOOOOOOOOODOO
booooboooooooo,obooobooooooo,bobooboboooboOoOoOoOoboobooon
gbooobooboobooboooobooooboobooooob. 0oobo,0boooboobooon
gboooboob,boboboobooboooobooboooooboooog.

Geometrical model Real robot

-

Muscle wire penetrates into the Muscle wire goes along
bone because of using straight the bone in the real
wire path (Wire path error). environment.

O 2.10: An example of robot-model error.
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24 0000

gbooooooboboooboo,obobobooboooooboboooooboob. oooooboaoon
g, 00ob0oboooooooooobooobobooo,oboboooooooboobobooon
gbboobooooooooooboobooboobooboo.obooboobooboooooOoooDo
00000000000 00O000O00O0000 [(34). DOOoO0O0DUODOOO0OO, 00000000
gbooboobo,0obooooobooobooobooboooOooobooooboOoooOoboboOoDn
O000D00OOo [35)36][6)0, 0000000000000 OOOOOUOOOOOOO,0O000
0000o0o0oO0o0oo0oooU [37,000000000000000 [3g)oo0ooOoOooOd
gbo.oboooooooboooooo,ocob,b0b0,0000b00b000b0OoboOooocoon.
0000000000000 00000000000UO0OOoOO. Myorobotics(39) 0,000
gboooooooo,bo,0obooobobooobooo,ob0o0obo0oobooooooooboonn
gbobooooo,0cooboooobobooboooobooobooooooobooooOo.ooo,bo
00 Myorobotics 00O DO OOO0O0O0O0DOOOOOOOODOO,0DOO0O00O0O0ODODOOOO
gbooooooobo. oobo,00oboooboobo0oobooobooOoooboooo,bboooon
0000000000000o00o0Ooon 40, 0000, 000000000000O0O000O00O0
oboooooobooooobooboooooboon.
gboooooobobooo,oboo0coooboobooooboobobo,boboocooooboOoon
gbooooboooooboobooboo.0ooobobooobo,00bo0boboobOoo0oooboOoobn
gbo,0b00b0o00obocobobobo0ooboobobooooobooboooooo,oo0obOoon
gbooooooo,boo0oobobobooboobon.
000000oooDooCooo00oooooDoobooOogOg, Englsberger0 0, 0000000
00oo0O0o0o0o0oUo0ooo0oOoUo0oDo0ooOoOo 9. Doo0oooooooo0oo
00oo0oo0,0000000o0000o000o0o0oUoO0ooO0OoOoUoOO0D [41]. 000
goo,00o0o0ooooboobooobooboboboboboboboobo,b0boboboboboooon

00 [42).
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25 0JO0O0oon

gbobO,00o0o0bo0oboboboboboobooobobobo,0o0boboboboooboooon
gobooboooooooobooboboo,obboobooboooooboooboooboooboooon
gooooobooog.

gboooooboobooooobo,bcooobobooooooboobooboooooobooobooo,boon
gboooooo,o0ooooboobob,0obobobo,bobobooooooobooogan,o
gbboooOoboooobooboooooboooobobooooboobobooooa.

gbooooooboooboobo,boobo0ooooooobooobooooobooboooaon
oobooo,00oooo,oooooobooboo,0oboooooboooooooboooobooo. ooo,
oboooooobooobooboo,0b0o0oboobobooobocoboooboobooooboooooon
obooooo,0o0b0b0cobooobooboobooboooboooooobooboooobooooooan
obooooOobooooooboobobooobo,obooooboobooooobooboooog.
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3.1 000o0ooooooboobboooooon

3.1.1 Odogdobboogobobbuoooobobboooouboo

gooooboobooooobooooooboobooo,0boobgobooo,ooob,0boo
ooo,boo0o0o,0obgooooobo,0boboobo,ob0coobooo,00obDO0. boboo
ooo,00boo0obooooobobooboobooboOoobDooboooooboooDoboooDbooo
gbooobogo,oboooboooobooboooboooooboobooobooobooobooo,oooobo,
oboooooboooobooobooooboobooobooboobo,booboobooobooon
booooocoooooooboo. obo,0oooooooboooobobobob,boooo
boboobooooooobooooboooo,bobooooocoo,oo00oo0o0ooooobo,0b0000
gbooooobooboobobo,0bobob -oboboboooobobooooooboooboooon
gbo,b0000oobooboobooboobooboooooobooboooobo,ooo0oobo0obooooon
gbooooooboooboobooobooo,oboobooobooobooboooboooooooooon
gboboooooooobooooooooooboobobo. obobobobobooboooooo,
gbooobOooboooooboooobooboo,ooboobooooobo,0oboooooa.

3.1.2 ODOOodbobbooodgbobboood

oboooooboooooooboon

gbogboboobooboboobobooboboooboboooboooba,bobobo
gboogboob.obobo,bobobuabobobaobobobooooooooog,oboboobd
0000000000000 00o0o0o00D 43 0000000000000 00O0ODOO,pitch
0000000000000 yyawOOOOOOOODOOODOOODOOODOOOOOODO [44]. DO
gobo,0boobooobgoobboooboobbooboo,0oboobbooboobbon
O000000000000. 00000000000 CBM45)0,0000yaw00000O00OOO
goo,0booboooboobgooboobobobob.booboobooboobobbooboa
OO00000, Appolinaire 00,0 00000CO00O0OCODOOODOCOOOODOOOODOO,0000
000000000000 [46). 000, 00000 20kg) 00000000, 0000000000
0000000 5K0kg 00000000000 OOOUOD0OOODOOO. D0D0DOUOOD0ODOOO
goobo,0bggoboooboobboooboobboobooob,ooboobobooobobon

oo0oobo0ob. Hamon OO, 000000000 0ODO0OO0OOCODOOOOD,DO0000DOOO
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000 47 0,000000000000000000O00O00DOO0, 0000000000 DO0O0

gobogobgoobooob,0ob,obgoboobooobobooboobooboobooobg.

oobooboooooboooooo

gobabooboobooboboobo,bobooboboobobbooboobaobaon
00000000 [48. 0000,000000000000000,0000000 WABIANOO
00o000o0o0o0o0o0o0oo00 49. 00000000000 OO0OODOOODDOODDOODDOO,
goooobooboooboooooboboooooobO, FEMOOOODOODODOOOOOODOD
0000000 poj0,CcCTO0DO0DOOOOOOO0O0OOUOO, 0000000000000
00000000, 000000000000000 BljoooUoOooog.
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3.2 U0O0O0oOoO0oooboobboooooon

gbooobooobooooboobooooboooboooboobooo,0oooobooobaoon
gbooobOooboo.oboooobooooboboo,0o0bo0obooboobobooboOoboOooon
gboboooooboooboo,oboobooboobobooooobooobooboobooooon
goo,00000000b000b000b000o0ooobooooooboooboobooboooooan
gboo,000o0boooobob.0ooboo,0o0coboboooboobooobooobo,0obooon
gbooobooooboobooboobo. oooboob,00o0bo00boboobOooo,b0oobo,booon
oboooboooboobo,boo,obobooobooboo0oobooobooboooobooo,ooon
obooobOoboooooboooooboobooooobooog.

gboobo,00b00b00ob0oboobo,ob0ob0obo0ooooboobooobooobooboobooooon
o,00000000000000, 0000000000000 00b0O000bOO0O0bOO0O0DbAO
oobooobooooobooboooboooboooobooobbooobo. ooboooooooobooooaon
oboooboo,0b0o0b0oocobooboooooboooobooobooboooooobooooon
0 [52]. 0000000, 0000000000000 00OUDO0OUOOO0OOOOOOO,00000
ooboooboooooo,oboboobooobobooooboooobooooobooooooooboooon.

3.2.1 0000

0000,000000000000000O00000O0O0O0O0,0(0O00),000000,00
OO0, CPRPOCOOOOODO. OO0OODOOOODO 31000.

gobg,0bggboboooboobog,bboobooboboobboobooboboooba
gb.gbog,bgbobobobgobobobooooboobg,bobobobobobooba
gobooda,bogboboobodgboobobodabboooboaobboobbooobooa,bad
gboooboobgoobobobo,booboboboobobobooboboboobobonoa
gooobooobooobooboob,oboobooog.

gboooboobooboboobg,bobbobooboboobobobobooboboon
ooboooboooooobooob.oobobo,b0oo0bo0oboobo sbooboobooDbo, O
gobobob,oboboobobobobobobobobobobob.obo,ooboboba
goboobogooboobooboo. boobbooboobooooboobobooobooo,

googooboooboobooboobooboobooboob,0boobo -oobooboo
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00,00000000000000000000000,000000000000000000
oooo0oooooooo.
CFRPO,0000000000,0000000000000000,0000000000C0
00000000000 00000000000. 00,0000000000000000,00
000000000000, 0000000000000000000000. CFOO0OOO PAN
O,Pitch0000000O,PANOD,0000O0,00000000000,000,000000
00000000000000000. 000,Pitch000000000O00O00O0O0,0000
00000,00000000000000000000000000O00. 0000000,CFO
0000000 PitchD CFOOOOOOOOOOO0OOOO0O0ODO
0000000,00000000,CFRPOOOOOOOOOO. 0000000 CFRPOOO
0000,0000000000000000000000. 000,pitch0 CFOOODOOOOO
0000000000000000000,000000000,000000000000000
0000000000 O000000O0.

O 3.1: Material specifications. The parameter of XN-90-60S(Nippon Graphite Fiber Corporation)
is shown at the CF part.

Carbon steel | Duralumin [ Aluminum | Pitch CF
(S45C) (A7075) (A5052) (XN90)
Tensile Strength [MPa] 600 570 195 1800
Tensile Modulus [GPa 206 71.6 70.6 550
Weight [g/cm?] 7.89 2.8 2.7 2.19
Specific Modulus 26.2 25.6 26.1 251
Shape freedom X X X 0
Thermal conductivity [W/Km] 43 130 138 500
Specific Heat [J/(kg K)] 440 913 900 -
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3.2.2 CFRPUOLOOOOODOODO

gbOooo,00ocoo0ooboooboobooobo,0oboooobooboooboooboooo,bon
oooooooooooboo,bo0oboobooboooobooooooobo. 0 310,0000
pitch0 CFRPOOUOOOOUOOOOD. O0000O0O0O0O0OOO,LiFeO0O0OOO0OOOOOO (26.4V,
2500mAh) 000,0000000 (9.9V, 2500mAh) 00000 40000,0000000,00

ooooooo.

O 3.1: Thin hollow shaped bone made by pitch CFRP for upper leg link.
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Pitch CFRPframe
Batter

Thermal gel

Tibialink of Kengoro

0 3.2: Left: Femur bone of Kengoro, Right: Tibia bone of Kengoro.
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3.23 UOU0OO0O0OO0ODODOOO

gbooobooooobooboboooooo,obobooboooooooboOobobo,boboboon
obooooO,bo0b0o0obooooooooobooooo. oo, 00b0ocob0oooo,obo0o0on
oobooobobooooo,0o0ooooooooobooobooooo. coboo, 000000000
obooobOobooooobooooboobooooobooog.

gboboooooooooooo,0bobobooboooooboobOo,b0oboboboboboon
oboooooboobooooobooboooooboboo. oo,cooobooboocoooobooooon
obooooooooboobobobobo,oo0ooobooooboooboooboooboobooboo.oon
oooooboooobooboooobooooboo,oboooboooboobo,0o0b0obooooDo,o
ocooooo,0bogooO0oo0o0D «coooooooor’pbboO0bobO. boooboooobooag
oobooboobobooboobo,0o0bobob0ooooooboo,0bobobobobobob. bOoo
oooboooboooooboo,oboobo,00b0bo0obO,0b0o0bo0oobooooboobooobooon

g,ogobogboobbo,obobboobboaoboaboa.

obooooobooooooboon

ocoooooooooooo,00o,bo,0oob0,0bpCcOobDO,00DOOOOOODOO
OO000D0D0. Urataetal. 0,0 0000000000O0O0CO0O0O0ODOOOOOODOOOO,000
oboobooooooooo,obobooboboobobooooboobo,coocooobooboooon
0000000000 [53]. Markus Grebenstein et al. 0, DLROOOOO0O0OO0OO0O0OO0OO0OOO
O00o0o0o,000000000000000000000 [38). DOD00DOoODOoOoOOoOoOoO

gboabooaoooog,bogoboob.

e J0:0000DOO0O.O00,00DO0O0CO0DOODOOOOD,ODO0D0O00O00DO.
e JO0O0O:00D000C0O0DOOOCOO.OO0ODOOOODOODOOO.

e HUODO:O0DbOODLOODLOODLOODLOODL.ODLOODOODODn.

CFRPOOOOODOOOOO

goboooobooooboooobooooooo,0ooboooooboboooobooo,0ooooo0oo
000,000000000 20keg]0000000O0,00000000O00000OOOO0OOO
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0.00000000,160 [mm] x 120 [mm] x 2.0 [mm]0 (1)0000 CFRPO,(2)000000
00,3)000000000000000.00,000000000000,0000,00000
000000000,00000000000000000000,00000000000000
008000000000 (0 34).033000000000000.

000000000,0008000000000000,00000,000,pitchCFRP, 00
000000000000,0000,000000000000000000,000000000
0000000000000000000.000000000,000000 80000000,
000000000000000,00000000000000000000000000000
000000000. pitchCFRPOODO0000000OO0O0ODO0O0O0D, CFRPOOOODOO
0000,000000000000000800000000000000000. 000,00
000000000000000000000000000000000,00000000000
00000000000000000.00,000000000000000 (000000)00
000,0000000000000000000000000000000000000000,
0000 CFRPOOOOODOOOOOONODNOOOOONONDOOOOOONOOO.

Upper view

Pitch CFRP
Thermal board
transfer gel

Motor module
(thermal sensor

Overview

O 3.3: The setup of heat distribution experiment.
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0 3.4: The result of the heat distribution experiment.
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33 Ubnbnooooobbbbooooobbod

oo0o0ooo,000000000000,0000000000000C00000CO0O000O
00O (Screw-Home Mechanism, 00 SHM)[54]0 0000000000000 O00O0O0OOO0OO,O
oo0oo0oo0oooo0ooO0o0ooO0o0oo0O0oo0o00ooO000,000000000000
ooooooo0oooooOo0oo.00,00000000000000,00000000000O
000000,00000000000000000,000000000 (O 3.5).

Musculoskeletal humanoid Enlarged view of the knee How to work yaw rotation lock by SHM
Kenshiro

| Yaw rotation lock in Extension | .
Back view

Flexion Pin is restricted by groove,
axis and rotation lock is activated

Cross-sectional

. | Rotatable in Flexion |
view

Top viewm

Inwards
rotatioy

9 Outwards
. rotation

Side view

Rotation
axis
Flexion §-
axis
Pin moves forward and
Lock groove c is released from lock

O 3.5: Design concept of SHM [29].

3.3.1 OODOODOSHMOOOODOO

gboooooao

gbooooooboboooobob,bobooooob0obooooobOob. cooooboaoon
gbooooboo,boo0oboobo,boobooooobooobooobooooobooooboo,bbo0ooDon
gbooooboobo,bcobooboooobooboob0obooooOoboooo.0oo0obOoobn
000000000000 000000000000000O0UOoDO0OUOo0OOooOoOO [B5). O
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go,0bogb,0bobooboboobobooboboooboo,oobobooboboooa

googoboooboobooboooboo,gobooobooboooboboobooboooog.

oOooooogsHaMOoOO

gbogbgbo,gbooboobobodgbooo,obobooboboboobooboobooa,
goboobboobooobooboobobooboo.ooa,boobobooboobobad
gboobO,0bo0obobobobooobobo,opoobobobobobob.oboobooba
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0O 3.6: SHM and rotational DOF in human knee [29].
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goboooboboon
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0 3.7: Measurement result of human knee and foot angle range. Left: Human knee yaw angle in

sitting on a chair. Right: Human foot yaw angle in sitting on floor [29].
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100[deg) 00 00,00 40[deg] 00 30[deg) 00000000000 0000O0O0ODODO. OO0,
035000000,00000000000000000000000000,00000000
00000000000000000000,000000000000000000000000
000000000,000000000000,0000000000000000.000000
00,0000000 SHMOOO00000000000.

1. 0000000000000000 (0000 0[deg)).
2. 00000000000000.
3.00000000, 00 40[deg], 00 30[deg].

gcooooooooooOoOSHeMOOOOOOOOOOOODOODO,000000O0DODODODOO
g 38000.

Inwards rotation
in flexion

O 3.8: The behavior of SHM built in humanoid. Left: Rotation is locked(in extension), Center:

Outwards rotation(in flexion), Right: Inwards rotation(in flexion) [29].
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gogbooooobooooboo
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O 3.9: Knee angle relationship between pitch and yaw [29].
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(Semimembranosus-Semitendinosus) 00 0000000000000 (O 3.11).
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Muscle name

Rectus Femoris
Vastus Lateralis
Vastus Medialis
Sartorius

Semimembranosus/
Semitendinosus

QR WIN|FP|H

Biceps Femoris Longus

Biceps Femoris Short
Gastrocnemius(lateral)
Gastrocnemius(medial)

O |0 |N (O

Semimembranosus/ Moment arm

‘ SCl’IlitCl’ldil’lOSllS _ :
Standing Sitting

Inwards rotatioﬁ

0 3.11:  Bi-articular muscle(hamstrings) that plays knee rotation. Semimembra-
nosus/Semitendinosus is for inwards rotation. Biceps Femoris Longus is for outwards rotation
[29].
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5 : ]
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Knee Joint Angle(Pitch) [deg]

0 3.12: Moment arm of knee joint around rotational axis. Biceps Femoris Longus and Semimem-

branosus/Semitendinosus contribute to the rotation [29].
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gbooobooaon
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0 3.13: Knee joint torque of Kenshiro corresponding knee pitch and yaw angle [29].
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Humanoid knee flexion =
Human knee flexion(age40-49)
Human knee flexion(age50-59) 1

20

40 60 80 100

Knee Joint Angle(Pitch) [deg]

0 3.14: Knee pitch torque comparison between Kenshiro and human [29].
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O 3.15: Squat motion sequence [29)].

_ 12t ‘ ‘ ‘ ‘ ‘ ‘ Ridht knee | . 12t ‘ ‘ ‘ ‘ ‘ Ri‘ght knee —— |
5% : } H i Left knee —— o Left knee
S 10 it 1 =2 10r 1
g &
N 8 N 8
5 6 5 6
o 4 o 4
. .
a 0 | AL a 0+
o} . i &
3 20 | 3
2 i i 2
< 4r “ < 4T
-6 L L L L L L L L -6 L L L L L L L L
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Time[s] Time[s]

O 3.16: Rotational(yaw) angle displacement in knee joint during squat motions [29]. Left: WITH-
OUT SHM, Right: WITH SHM.
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0O 3.17: Motions of the leg using knee’s yaw axis rotational DOF [29]. Left: Open-Close motion.
Right: Right-to-Left motion.
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3.3.4 OUugdobbobooodobbbuooobbbboooobooboo
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(D D - CD
O 3DOFs spherical joint (i-i) ’
O 2DOFsoval spherical joint
Knee yaw DOF
2DOFs universal joint
D 1DOF rotational joint > 2. 7.

O 3.18: Comparison of leg joint DOFs between an ordinary humanoid(HRP2) and Kenshiro.

Kenshiro has a yaw DOF in its knee joint.
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gboobgoooboobboobooboon
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0 3.19: Toe reachability comparison between Kenshiro and HRP2 in sitting posture. Upper: The
experimental condition of both humanoid. Bottom(left): Enhanced toe reachability of Kenshiro
generated by both of hip and knee yaw DOFs. Bottom(right): Toe reachability of HRP2 generated
by only hip yaw DOF.
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0 3.20: Twist squat by rotating spine, knee and hip joint at bottom position and angle displace-

ment around rotational(yaw) axis of knee during the motion [29].
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0 3.21: Heel move experiment under forefoot constraint by reciprocating heel from right to left
[29].
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O 3.22: Driving experiment by switching the gas and the brake pedals with a driving simulator
[29].
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0 3.23: Cross link joint imitating human cruciate ligament.
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Side view of the knee

0 3.24: Parameters of the knee for geometric analysis.
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O 3.25: Comparison between a fixed COR and ICOR
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ICOR(Instantaneous Center of Rotation):
intersection of the cross link

Humanlike sitting pose

0 3.26: Humanlike sitting pose of Kenshiro thanks to large joint space in the knee joint with

instantaneous center of rotation

0 3.27: Kenshiro’s wide range of motion at knee joint. The knee joint can be achieved 120 degree

actively.
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e JOO0OOODODOODOODOODO

gbob,0boboboboboo,cbooboboboobooooooo,boboooooboooo
uoboo,0oboobooboooo,boobo0oboooboobooboo,oboobooobo
go.

ooooooooon

oobooooboooooo,0bobo0obooboooooboooboooboooboooobonbo. O0,HRP2,
000,00000000000000000 3.28000.000,000000 13%, 00000
00 23%, 000000 26%0000000000000000000000. OO0, HRP2OO
00o000o0o0o0oo0o,0000o0oo040%00000000,000000000000
gogo.boob,bobobobobooboooooob,boobobobobobooboba
gooobooobooboobobo.bobboboobooboobobbo,0bobboboa
00000000000000000000000000,000000000 35%0000000
g,0boobooboobobobo. oboobo,obooobo,goboobooobobog,b0boobod

googooooboog.
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gobooooooogooboobo,obobobooobooo,boboboboboobooooooDbOon
gbo,0b0ogoooobobooobooboobboooobobooooooobooo.ooo,b0o0ooa,
gbooooobooboboooobooboboobooboboooo. b0, 0bobobooobooboOoon
gboobodb,0cobooboobobobdoboboboboobooooobooo,oboboooon
gboboooboboooboobobooobooobobooobooobooobooboooooboooooOooonn
gbooooobooo. oo, 0o00boo,00booobbooooooobo,oo,bbooob0oobn
gboooooo,obooboboooobo,oboboobooboobobooooobooboon
gbooo,0boooobooboobooboobooboo,0oboobooboooobooboooa.

gbooooooboboooobob,boboboooobo,0cobobobooooobaon
0000000,000000000000000 28%00000000000.

Human joint DOFs HRP2joint DOFs Kenshirojoint DOFs Kengorojoint DOFs
Spine, Others, Others, Others,
73, Foot, 0, 0, 0% 4, 6%

0, 0%

Foot, O,
0%

Arm, 0%

, 5%

Hand,
0, 0%

Leg, Hand, Hand,
12, 2% 2, 7% 4, 4%

0 3.28: Joint DOF's of Human, HRP2, Kenshiro and Kengoro.
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gbooobooobooboobd

gbobobobobobooboooob 329000, 00obooOoobooboobo,oo0o0o0o0o0o
u,jbooooobooooboobo.bobo,00o0o0ob0oboooboobooboobo,obooon
o0oooooo0o0. 0ooobo #2043 0000000000000,0000D000D0D00O
go,00o0boooogoboooobooobo. oo, 0oobooo,0obooobo,0cobooo,o
gboocoooboobooooobobooooobobo.ooobobooo,0ob00ob0boo0ooao
gbooobOobooboobobo,0o0b00ob0oboooobooooobooobo.

#5-#800000000,000000000. 00000000 ODODOOOOOOOOOOO
bobooboboboo,0oboboo0oooooo,obobobobobobOobobon. o
o, 0oboobooboob,ooobboobboooboobo,b0oobooooooooooboobooooon
gboooooo,oocoooboobobooooboo,booooooooboboboooooon
gbooooo,gboooooobooooog.

goooo,0o0o0obobo,0booo,0bo0oo,0ooobobobooooobooboon
obooo,0ooooooboobobobooboooo,bobooooob. 0 330boboono, o
gbooobooobooooo,obooooboobooog.

@ Calcaneus 1. Talocrural joint(ankle joint)
H2 e @ Talus 2. Subtalar joint
“ o ~ #1 (3@ Navicular 3. Talonavicular joint
3 @ Cuboid 4. Calcaneocuboid joint
3 ® Lateral cuneiform 5. Cuboideonavicular joint
#D e ® Intermediate cuneiform 6. Cuneonavicular joint
#8 @ Media cuneiform 7. Intercuneiform joints
4 .. 47 ® Metatarsal 8. Cuneocuboid joint
@ Hallux proximal phalanx 9. Tarsometatarsal joint
#10 + Hallux distal phalanx (lisfranc joint)
w1 @D Proximal phalanx 10. Intermetatarsal joints
’ (2 Middle phalanx 11. Metatarsophalangeal joint
#2 .. @3 Distal phalanx (MPjoint)
413 o 12. Proximal interphalangeal joint
(PIPjoint)
13. Distal interphalangeal joint
oA (DIPjoint)
14. Interphalangeal joint
(IPjoint)

O 3.29: Bones and joints configuration of the human feet.
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Elastic element as joint complex
Elastic element as subtalar joint | (Transversetarsal joint and Intertarsal joint)

Human feet Arch structure Developed feet

0 3.30: Foot structure comparison between human and developed foot.

3.5.2 0OO00O0OO0OO0O0O000bO00bO00DbOn

gboooobooboooboobooooobo

uboooooobobooooboon 331000. 0000b0o0,100000 200 10000
goooo,,00b0o0oboocoooobo.oo,boob0ooo0oobooooooooboonn
gbooooooooboo,00bo0o3boooooooboo,b1le000b0O0. 0b000,000
gbooogoogo3b0oboooooo. boboboboboobooboooooooo,b19o0o0n
oo.

gboobooooobob,boboboooobobooooobooooooooboobooooono. oo
g, 00o00oooooo,bocoboooooooboooooooooobooobooob. b0booon
goooo,o,0,0000b0ob0oo0ob0obooooobooooob0obooooobob0.bobo
000,000 (0)ooo0ooo0ooo0oo0oo, 00000000000, 000ooooog
gb.000,0 320000000000000000.

gobooobooboooooboooooooob,obobo0ooooboooob,00bbo0obobooooon
goboooooo,00b0o0oboooboboooboo,0oo0oboooobobooboobobooboOooDo.
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O 3.2: human foot material properties.[59, 50, 60]

Young’s Modulus[M Pa] | Cross-sectional area [mm?]
Skin 0.136 -
Ligaments 260 18.4
Plantar Fascia 350 290.7

gboooboooooooDbo

0000000000,000000000000000000000000000000000
0000,0000000000000000000,0000000,0000000000000
0000000. 00000,000000000000,000000000000000000
00000000. 00000000000000000000000000,000000000
0000000000.000,000000,00000000000000000000,000
000000,0000000000000000000.0000000,00000000000
0000000000,00000000000,0000000000000.000,3D0000
00000000000000,000000000000000,00000000000000
00000000 (0 3.32).
000,3D00000000000000000000.00,000000000000000
0000,000000000000000000000,0000 ¢20 ¢60000000000,
0000000,0 3330000000000. 00,$20000,0000000,000000
00000,000000000000000000.000¢60000,00000000000
00000000000000000,000000000000000000,460000000
00000.3D00000000000000,000000000,0000000000000
0000,000000,0000000000000000000,000000000
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Rotatable according to urethane deformation

3DOF Anklejoint with Upper
elastic constraint " srucwre N\

Joint axis
(pitch)
lower
structure

>

Total DOFs: 19
-Ankle: 3
- Foot : 16

@ : 1DOF rotational joint
~WV*- : 3DOF spring joint
€\ : 3DOF spherical joint with elastic constraint

Arch structure

O 3.31: DOF configuration of developed human mimetic foot.

Spring-Metal assembly 3D printed elastic element
(previous method) (new method)

0 3.32: 3D printed elastic element used in the foot. Previous method and new method for making

elastic element which is made of metal.
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25

y =1.3583x + 0.3018

y = 0.4658x - 0.3908

@ Single(D32, ¢2)

B Double(D28, ¢2)

35 40 45 50
-5
350.0
y = 354.75x - 79.122
300.0 )
250.0 /
| = 370.40% - 64369/ y = 119.06x - 28.358
: ' °
200.0 -
< {
o 0 +—
3 150.0
o
—
100.0 @ Single(D35, 06) -
[ | <
B Double(D30, ¢6)
50.0 . -
W A Green(normal spring)
0-0 / T T T T 1
) 0.5 1 15 2 25
-50.0

Displacement [mm]

O 3.33: 3D printed spring specification. Left: thin spring wire diameter result. Right: Thick

spring wire diameter result.
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3.5.3 U0OOOOO

gboooooooobooobooo,0o0boob0ooboobooboo. 0 33400000on
oboooo,0 33 00boobooobooooooobo. ooboooooooooono,oooon
gboooo,b0oo0bboobooboooboooboobooobo0oobo0ooboOoooooooboonn
oo.

O 3.34: Experimental ankle motion of Kengoro.
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O 3.35: Experimental finger motion of Kengoro foot.

3.5.4 0OUOOOOOO

gobooobooobooooobo,0oo0oboooboooboobo. cobooooo,booboboooboobooon
obooooooooobobo,0b00b0ob0,00b0boboooooooboobooboooooon
oo0.00,00000000000000O00000,Ob00000000000000DO0O00O0DOAO
o,0b0o0oboobooocobooboooooboooooa.

gobooboooooooobo,b0b0o0boo,ooobooobooooboooobooooo,bobooon
0. 0o0o0ocooooboo,0oboo0boooboo,oooooooooooo,0ooooocooon,
oobooooooooobooooo,0boooboooboo. o 336cb0bo0oooooooooon.
000000,000000000000,0000050[deg)000D000O0O0DO,00000000
ooooo. 0o 3370, oboboobooooooooooobo. boboooooooooog,oon
obooooobooooooboooooa.
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0 3.36: Experimental tiptoe motion with wall balance.

60

—Tibidlis anterior

= Soleus

a
o

——Tibialis posterior

(5]

— Peroneus longus

= Flexor digitorum/hallucis

L eft ankle muscle tension [kgf]
8

longus
- Gastrocnemius
20 | (lateral)
= Gastrocnemius
(medial)
10
0 y T T )
0 5 10 15 20 25

Time[s]

O 3.37: Left ankle muscle tensions during tiptoe motion.
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3.6 JUOoOooon

gbooo,0b0o0boooobooboobooboooboobooooboobo.0bobooooboon
booooobobooooobooboboo,0booooobooboooooobooboobooobo,ooon
gbooooobobooooobooboobo,0b0oob0oboooooobobooooo.booon
U, 000b0oboboboboboboobooooooooooooooboobooboob,booooon
gboboooOoboooobobooobooboooobobooooboboooooboooonn.

gboooooobooobo,bo0boobooo,0o0o0o0ob0obooooobooboboooooobooboon
gbobooooo,0b0booboooboooboobobobooobooboooboobooboooooon
obO,00000000000. obobOobob,0co0oocoo0oboooooooooooon
oboooooboooboooooobooboobooboobo,obobooooooboobooog,oon
oboooooboobooooobooboooooboobooooboobooooobo.ob,00b000a0
oboooooobooobooboobooo,0bo0obobooobocobooobooboooboooooon
obooO. oooooobO,0b000o0b00ooob0oooooooo,0o0co0oooooobooobooon
obooobooooboobo,0coboooobo,00b00boooo0oboooobooobooooboOooon.

oobooooooooobooooboo,0coobooooboooobooooo,booooooo
oboooboooooboooboooobooboooboooboooboooboobooo,oboooooon
oboboooboboobooboobooobooobooobobo. ooboooobooooboooobooooooboOoon
oooooobooooo,0000bo0ooob0oobooob. b0boobboob,0b00oboo0obooobon
oboooooboooboobooobooooboooobooo,0oo0boocobooooboooooooon

gboobgoo,bagboboboooooobdoboboboboboobobobobabg.
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4.1 0O0000DO0O0OO0OOOOOO0O0OO0O0OO0

4.1.1 0OD0OO0O0OoOobObOOooobbobooooboboboooon

gboboboobooboobobobobobobooboobooobooboooooooooooo
boo,0b0o0boobooboboboboboboooooooooooobo,obobooboobooobooon
gobooobooooboooobooo. boobooboo,00bb-obooooboo,0oobooooooon
goooboooboooooboooboo,0oboo0oboooboobooobooobo,0oboooOoobo,
booooboobobooboooooooboob,0cooobooboob,00b0obooboooooon
ooooooooo. 0 41000000000000D0O00000O0O0O0O0O0O0ODOOODOOO,
bobooooobooobooboooboooooboo,bobobo0ooooboobooboooboooon
gboboobobooooobooooboboooooboooon.

usB
Angle/gain/Control mode . Sensor Information

- Wire Driven Muscle
PWM
Puls -
Wire
Thermo

Sensor Tension
Sensor

Motor Pully

O 4.1: Overall view of wire driving system|[61].
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4.1.2 DODO000O0OOOOOO0O0ODOOOOoObObbOoOuouoboDon

goooo

000000000000000000000000,000,0000000,0000000
0000,000000000000000.000000000000000000000000
000000,000000000000000000000000.000000000,0000
000000000000000000000,00000000000.00,00000000,
0000000000000000000000,0000000000000000000000
00000000000,0000000000000000000000.00000,00000
0000000000000,00000000-0000000000000000000000
0000000 (O 4.2).

Problem: === Muscle power
Muscle actuator(motor) is often broken by over heat. =@ Skeletal strength

Motor isrelatively weak compared with skeletal structure(material, weight). Toow

Motor temperature monitoring system was devel oped.

A5052, A2017
\ 90W

Polyacetal ;85 /{Nylo!\ \ // -ﬁﬂé’&-w

(POM) (low-density) h-density)

Problem:
Muscle s strong enough to make whole body
motions but sometimes brake skeletal structure.

15w ~- IR
Smart actuator and force distribution system
4.5W are expected to be developed

Kenta(2001)

Muscle power, skeletal strength

Kotaro(2005)  Kojiro(2007)  Kenzoh(2010) Kenshiro(2012

. o

0 4.2: Problems on musculoskeletal humanoids. [3, 16, 15, 14]



— 040 0 0000000000000 85

gbooobooobooboobobobob

gboobooboooobooboobo,0bobooobon 105, 0000 323, 00000 159
booooboooboooobo,0obooboooooboobooobooobOooooboooobooon
ubo.00,0000000000,b000000000,00000000000000D0O0OO
0000000 (0 43). 00000000000 OD0O0OO0OOOO,000000000000O
goo,000 -000b0o0o0oobooooobooboobooboobooog.

_* Kenshiro

‘1 A tendon driven robot i

Actuator

Motor drivers

0 4.3: Complex cable routing and close-packed components in tendon-driven robots [62].

goo,000o0oooooboob 4100,0000000DO00,0D00DOODOODOO
gbooobobooboobobooboboobobo,booboboobobooboboa

gbooooobooboooooboboooooboboooobob. cobooboboooo,oo
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gboobgooobogogooboooo,bboobbobooboobo,boobooboobooobon,
gboogoboobbooboob,ggbbooboobobooboo,boobbooboon
0000000 (0ooo0oU0U00O0O0O0)000. 0000, 0000000000000 00O0
googobooboobboob,ggbooobooboooboobboo,booboon
gbogbdooboobooboobuoobuooboobo.oboobooboo,bobbon
gboogoob,o0boobobooobo,obo0bboobooboboooboobboooboon
gd,00bbooooooobooooooobooobboooobooobooooooobooooooon.
obooo,0bobobooboooooobooooboboboobooooobooooooboooo,boon
oboooobooobooobooboobooooboo,obooobooobooboooboooooon
oobooboooooa.

O 4.1: Each component number of Kenshiro [62].

Components ‘ Number ‘

Motor 105

Motor driver 105

Muscle actuator related Hall sensor 105

Tension sensor(load cell) 105

Thermal sensor 105

Control board 36
USB hub board 18
Host PC 1
IMU 2
6axis force sensor 2
Camera 2
Rotary potentio 2

Total 588
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gbooobooobooboobobobooboon

000000000000,0000,0000,000000000,0000000000,00
000000000000000000 Dyneema(TOYOBO, DB-100) 000000 (O 4.4, 0
0). Dyneemad,00000000000000,0 440000000000000000000.
000,392.4]N](40kef]) 000000000 0,300mm| 0000000000000000000
0.0000,0007%00000000,0000,000000000000.00000000
0000000000,3924N)00000000000,0000000000000000000
00000000000000,000000000.

325 v

T g !
Loaded Unloaded
e
=
320 [ pe—" 1
3 '—/[
- Stop loading T §
E a5l T
:
L]
=
3
L]
2 30 1
=
305 |- Start loading 1
300 ' : ? . .
0 1000 2000 3000 4000 5000 8000

Time[min]

O 4.4: Left: Dyneema(DB-100). Right: Elongation characteristic of Dyneema(DB100). Initial
length: 300 mm. Loaded Weight: 40kg [63].
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gogboooboboboobooboobooboobobo

gbobooobooooooooooboooooboooo,oobooobooo,o0booooooon
gobooobooooo.oooooobooooo,boooboooboooobo,bboooobo0ooobn
gboboboboo,oboboboboboboboboooobooooooboo,bobobobooon
gbo.o0o0,00oooo,0boobooboobobo,0cooo0oooooobooooooobooooaa,
0000000000000 00000UD (0 46). D0D000OUODOOOO, 000000000,
00000000000000000,0000000,00000000000001. 000,0
gooooo,0o0ob0oo04000000000DO00O0,0D00000DODOOOOODODOOO,
0000000000000,0000 (Rectus femoris) 0000000000,000 (Sartorius)
0000000000000 00000000000 (0 45). 0000000, 00000000
gbobooooooooboboboooo,0bobooooooboobOobobooo,booon
gbooobo,coboo,oboobooboooboobo,0oboobooboooboOobobooDbn
gboo,0bobobobob. ooo,0bo0obo0oboobooboobO0oboOobOOobOOoObOO0Onn
gboooooboobooooobo,obobooboobooooboboooooboooooboOooon.

12

Rectus femoris
Vastus lateralis -
10 + Vastus medialis-

Sartorius

Wire Tension[kgf]
(o]

Timels]

O 4.5: Left: A snapshot of squat motion of Kenshiro [19]. Right: Muscle tensions of right knee

extensors during the experiment.

lD0D000D000000000,00000000000000000,000000000000000000000
obooo0ooooOoOoO0booOoO0o0O0ooOO0oO00O0booOO0O000n.
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Redundant muscle arrangement :
Multiple muscle units for onejoint 4 )
Upper leg
Upper leg
Muscle unit E
a \ N\
Low tension
: (dlack)
( High tension
Knee
joint
. J
/ Lower leg
Muscle(wire)
Lower leg
There are high and low tension muscles
- J

O 4.6: Muscle slack due to redundant muscle arrangement is a problem of tendon driven structure

[63).
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4.1.3 DUOO0O0O0OO0OOOOO0O0OOOOOO0

gboboooooo,0boo0oo0oooobooboobobooooooooboobobo,o00000
gboooooobobooooobobo. ooobobooooo,0b0oboboboooOobOoobn
g,00o0oboooooooobo,boooobooobooooboooboooo,oboooooboooonn
gboooog.

gobgooboooobooog

gobooobooooobo,obooooooooobooooobooooo,oboooooooon
gbooooooobooob.boobooobooooooooboo,0coobo0ooboobooooog,o
gbooobooboooooooooboooob.booboo,oboob0ooo,b00b00bboOobo
gboooobo,obooboooboooobooooooooooooo. cob,0bbo0oboo0oboooobooa
gboooooob,b0cobobooooboboboooobob,boboobooboOoboOoon
gboooobooobooboboobooboooo.bobooboobooooobooobog,ob0obon
gbooooo,bocobooboboooobobo,obooboocoooboboobooboOoboOoon
ug.gboob,b00boo0oobooobooobooboo,oobbooooboooboOoooboOoooDn
gboooooobobooooboo.bobooooobobo,0b0o0obo0oboboooboOobOoon
gbocobooboooooobooob,bboobooboooo,obobo0oboo,ob000boOooonon
gbooo,0cobobooboobobobooboobooooobooon.

ggogood

goboobooboooobooboobo,obboo,0oobboooboobooboobo

goboooboooooooooo.
e JOODOODOO
e J0UD (OOLOD)OOD
e JUOODOODODOODLOOODO

0000000000 ,lms)]00000000000O0ODO0O0OODOOOOOOOOOOOOOO
0.00,000000200uws)000000000O0O0OO0OOOOOO0OOOOOOOOOODO,O

goooooboooobo. gobo,g0bobooobo,obbooboooboobboooboo
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00000,000000000000000,00000000000000000000000
00.0000,00000000000000000000000000,00000000000
000000 (816(ms)) 0000000000,

0000000000000000000 47000000000,00000,1.000000
0000000000,3.0000000000000000000000000.

Control cycle Layer Muscle Feedback
coordination

Muscle load 16[ms] Plugin o(as muscle Muscle length,
sharing group) muscle
tension(L,T)
Spring control 1 ms] Robot hardware - Muscle Length,
(H818) Muscle
tension(L,T)
Spring control 1[ms]( with Robot hardware - Muscle length,
with current current feedback  (H818+FPGA02 Muscle tension,
feedback 200[us]) D) Current(L,T,I)

O 4.7: Classification of muscle tension control
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e JOUDOOODLOODOODOODODO

200ws)] 00000000000 O0O0UOO0OO, 000000000000 0OUDOOO. DOO
gobooboobooboobooboo,boobooboobooboobooboboo

g.0bgobogo,bobooboobooobon.

0000000000000U0o0oooUo0o,0000000 (Ims)00000OO0OOO,
oboooooboooo,oboboooooboooooboobooooa.

1
i
[N 1
: :: | : Output
Tl_e{‘;g?g N Current 1 (PWML o dware
controllerPD) | 11 ? 3 controller(Pl) | ! ia characteristic
[N 1
[N L
i I ! 200[us]
oy '
[N 1
L Tl e e e e ———————
T.L 1mg]

O 4.8: Tension control with current feedback

gboooobooooo

gbooboobooboobooooboo. boo,0oo0booooboooboo,0ob0oobn
goboobobooooooboo.oboooboooo,obooooobooobooooboooobon
gbobooobooooobooooooboboboo,boboboboboboboooon
gboboo,000b00oo0oobooobooobobooobooboo. oobboooboobo0oooDn
08-16ms)]0000000000O0OOOOOO.

1
| PC ' Control board ' 1 Muscle module '
] | ————— -2 -
. " ' 1 !'Motor driver | i
i " o ! Output 1 Force,
. Moti bt Length R Length T H (PWM) Hardware | Length
on en 1
" command 2 (rjerence controller(PD) 0 T é. \ characterisic [ 1§
! culator ot H ‘
i b | :
1 1 ' ! \
1 ! [ : |
' I o H '
' T ittt '
I e e R
! 1 L 1[mg]
: T, L Muscletension ,':
: distributor E Ty L 16[ms]
1 1

O 4.9: Tension control with load sharing
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4.2 00000O0O0OO0OOOOO

4.2.1 0O000O0O0OOOO0OO0OO0OOODOOOOd

gboboooboooobooooboboooo,bobooboobooboboooboOoboobo
0000000000000 00 HRP2(OO 1539mm], 00 58ke)) 00000 DO0OOOOOOO
O0O0000000. hrpsysOOOOOOO0O0OHRP200000,0000000000000
oooooo0o.ooo,0o0000obb000ooO,00000Db000000D0 410000.000
0000003700000 000 200[deg/s| 000000, 000000000000 O0OOO.
000000000000003.0-) 0000000000000 40Nm] D00000O,000,
oboobooboobooobo.boobo,0c0obooboobooooboo,0obobooooboooono
booooooboobobooooooboobob.ooboboooooboo,boboooooo
000000000 40Nm)000000000O0O0OOO, 000000 200000,80Nm] O
O00000000. 000000000000 8ONm]0OOD0D0DO0O0OODO0OO0ODOOOOO,0000
gboocoooboooobooboooooa.

gooo,bo,0oo0oboboooboooboooobooobooo,oobbooooooooog,
00000 200[deg/s], 000000 8ONm] 0O 00D0O0O0U0OO. O0DO0DO0O0O0ODO0OO0OUOOOOOO
gboboooooboooboobooboobobooboooooboobooboooboooooon,oo
gbooobOoboooboo,oboooooobooon.

——RLEG_JOINTO 5 ——RLEG_JOINTO ——RLEG_JOINTL
250 ——RLEG_JOINT1 ~—RLEG_JOINT2 ——RLEG_JOINT3

~———RLEG_JOINT4 ~——RLEG_JOINTS
«==RLEG_JOINT2 40 RLEG JOINT6
==—=RLEG_JOINT3

———RLEG_JOINT4

el TR e
. . M- S —
o W TA _

/i o

0 1 2 3 4 5 6 7 8
Time[s] Time[s]

20
20 N~ N Vo'=N

g

g

Joint torque [Nm]

Joint velocity [deg/s]
g o 8

O 4.10: Right leg joint data during walking of HRP2. Left: joint velocity, Right: joint torque.

4.2.2 0O000O0OO0OOOOO
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O 4.2: Muscle actuator candidate.

# Motor Nominal voltage [V] | Reduction
(1) | EC4pole ¢22 120W 24 53:1
(2) | EC4pole ¢22 120W 24 29:1
(3) | EC4pole ¢22 90W 24 53:1
4) | EC $22 100W 24 128:1

000D00,00000000 6mm], 0000000000 50[mm]00,264V]0000000

000000 264-40[V]0D00000OO0OO0O (O 4.11).

gobooboobbooboobooboobbooboo,boobbooboobo,oboboobo

gboobobobo.oo,gbobg,bobobobobooboob,bo-bobobooobon

0.000,264[V]000000000O0OOO0ODOOO0OOOOO, 0000000 (DOD)0O,00-

00000 (b0o0o0)00000o000,0000000000000. OO0, 000000000

go,0b000booboobgoob,oboobuoobooobooobooboo.

(4)000000000000000000,264[V]000,200[deg/s)] 00000000000.

O000,00000000000 EC4poled00D0DOOOO0O0O000ODODDOODOOO,D00O

00000000000000000000000000. (1),(3)0,200[deg/s]0,0000000

doo0o0ooo0o,000000o0o0o0ooo0o0()oO,00-0000000oO00oOO0,on

0000000000o00o0oo00oU00o0o0oooUoO0oooo.(3)0, 000000000000

obooooogo,0booooocooobooooooobooobooo,0ooobooboobOoboban

0000000, (2)0,00000000000,20NmM00000O0O0O0O0O0OO,G9[A]O00

oboobOobobobooooboobob,0cob0obobooo,oboboooooooboooban

goboobooboobooboooooboobooon.

0000,00000000000 200[deg/s],80[Nm]0,000000 264[V]00000000

0000000000 ,(),3) 000000000, 0100000 20Nm]00000000O0O0

O004000000000000D0.
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EC4pole 120W-24V, gear 53:1, 26.4-40V
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O 4.11: Joint output properties generated by several muscle actuators.
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4.3 0O00-0000000000000

00000000000000000000000000000000000000000000
0000000000.000000000000,000,0000000,0000000000
000000000,00000000000000000000000000000000,00
0-0000000000000000000,00000000.041300000000000
000.000000000000000,0000000000000,000000000000
00000000000000.0430,0000000000000000000000000.

000000,00000000000000000000000,0000000,000000
0000000000000000.0000000,000,00000000000000000
00,0000000,0000,000000000000,000000000000000000
0.00000,000000000000000000000000,0000000000,00
0000000000000000000,0000000000,00000000000000
00,00000000000000000000000000,000000000000000
000000 (0 4.12).

Assembly parts of Kenshiro ‘ | Muscle module(prototype) | ’ Muscle module | | Assembly parts of Kengoro |

0 4.12: Muscle module comparison.
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Tension measurement unit

O 4.13: The developed sensor-driver integrated muscle module. The module is composed of a

motor, a motor driver, a tension sensor, a thermal sensor and covers [62].
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O 4.14: Developed muscle module system flow [62].
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|

O 4.15: Left: Newly developed motor driver for the muscle module, Right: Two types of outer
covers for the muscle module [62].
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4.3.4 OUOO00O0O0OOOOOO0OOOOOOOObOObOOOOd

gboboobobooo,obo0booboooboooboooboooooOooOoooObo,obobobobon
gbooooboboboo,00b0ob0obobobo,obob0obO0oboboboobobooon
gbooo.obooo,01e00b0obo0ooboobobO,00ob0oboboobooboooooboOobn
obo.0 4160, 000000000000000. 0000,00000000000,0000A0
gbooo,0cobobobobooobobobooboobooso0obooooooobooon.

0000000000000,000000000000000000,40kef](392IN)OO0O0O0O
gbooooocoooo. 04170, 00000000.0 4180,0000000000,0000
gbooooooboooooboo,booooooo.

0 4.16: Various assemble types of the motor module. Left: left wire and right board, Second from
the left: above wire and left board, Center: below wire and front board, Second from the right:

below wire and front board, Right: below wire and right board [62].
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L eft Right Straight Straight(reverse)

i
i

O 4.17: An experiment of a 40[kgf](392[N]) weight lift up/down with 4 wire directions [62].

—left
—right

——straight

150

straight(reverse)

0 T f T f T / T f
0 5 10 15 20 25 30 35 40

Time [s]

O 4.18: Wire tensions during the weight lift experiment [62].
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4.3.5 OUOO0OO0O0bOOOOOoO0ObObOOOO0n
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Previous method New method

0
il @
Wire and parts HE Shde O — |
defgrmation affects < load Cell ‘
tension measurement. (] D - ) ¥l } load cell
\ﬁ' F = 2Tsin6 $roT1hH

O 4.19: Tension measurement methods comparison. Left is the previous method and right is the

new method [62].
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O 4.20: Average aging of tension calibration data. Left: six month aging of old unit used in

Kenshiro. Right: four month aging of new unit used in Kengoro.
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0 : ‘ : : : , 0 : : : , : .
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Tension [kgf] Tension [kgf]

O 4.21: Examples of calibration data of muscle actuators. Left: bad example of old unit. Right:

good example of new unit.
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0 4.22: Linearity of the new tension measurement unit [62].
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O 4.23: FEM analysis of new tension measurement unit. 1000[N] is applied to the mechanism [62].
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0O 4.24: Response speed comparison between different control methods under tension control [62].
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Before tension control Adaptive motions by all muscle tension control

0 4.25: The verification experiment of the developed leg with tension controlled 54 muscles. The

leg was stand-alone by being powered from batteries inside its bones.



114 — 040 0 0000000000000

Right hip muscletension

12

10

Right leg muscle tension [kgf]
o

e e e

0 T
20 22 24 26 28 30
Time[s]
Right knee muscletension

8

7
B
=
=
Se
g
[}
o4
g
E
8‘)3
=
22
o —

1

0

20 28 30 32 34 36 38 40
Time[s]
Right ankle muscle tension

6

5

4

Right leg muscle tension [kgf]

20 22 24 26 28 30 32 34
Time[s]

——tension[10]
——tension[11]
= tension[12]
= tension[13]
——tension[14]
——tension[15]
——tension[16]
= tension[17]
= tension[18]
———tension[19]
———tension[31]
———tension[34]
~—tension[35]
~—tension[36]

tension[37]
———tension[41]

tension[53]

= tension[13]
—tension[14]
= tension[18]
—tension[19]
———tension[32]
e tension[33]
~——tension[38]
~—tension[39]

tension[40]

——tension[53]

= tension[38]

= tension[40]

= tension[48]

= tension[49]

——tension[50]

——tension[51]

= tension[52]

0 4.26: Right leg muscle tensions during the experiment. Top: hip muscle tensions. Middle: knee

muscle tensions. Bottom: ankle muscle tensions.
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44 0O00000O0O0OO0OOODOOO

44.1 OO00OO0O0OO0OODOOOO0OOO

goooboboooobbooooboooooooboboooobbbo. goooobo,oboboo
goobobooooboog,obbogooobooobbooobo,0obb,000obbooobobood
gob,0j0obooobooobooobboobobooobbooob. bo,obbooboboo
(euslisp) OO DO (DOUD0)O0OO0ODOODOODOOODOOOUOO,00O000OOOODOO
gbooo,bo0booocoobooooobooboobo.0boboobo,bobobooboobooobooon,ooo
goooooooo.

e JOO0OOODOODLOOODODOOOOODOO
e JO00O0OO0OODOODOOOODOODOOOOODOO

O0000000000,000 (0 100ms))0000000000O0ODO0OO 16ms]000000O0
O0000.0000000000,0000000000000000000 (Valcom, VSR212S-
IKN-BC)ODOOoOooooooooo.

44.2 OUO000O0OO0OOOOOOO

goooooo,000bobobo0oboo0oooo0oobo0o. 04280, 00000bDO0O0O
googoodb.ooo,0ooboboobobooooboobo.boobobo,boooo

g,.00o0bobooboobooboob,obooboob.opob,0boobooboooobo.

1. 0000000000000000 T,,.0000,0000000000 Tyyrsee DOOOO
00,00000 Tiergee DODODODO.

Ttarget = Thve + Toffset (44)

2.000 pDOOOCCOOO,;00000000006L,00000.00000000Q00C0O0O
000,000000000000 Lyyssee 0000000, 6L; 0000040000000
gboooooobo,obobobo,obobobobob. oocoooooobooobo,0coooon
oooooooooooo,0o0oobooboo0o0oooooooboobob. OOk, 0000000
O,p,0000000000O0,K;000000D000000.
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| Before applying load sharing }_\ ’ After applying load sharing }_\

1
A
s

Upper leg

Muscle unit

o

' Evenly tension

I (no slack)

High tension

-’
/ Muscle(wire)
Lower leg Lower leg

There are high and Each muscleis evenly loaded
low tension muscles \ thanks to muscle load sharing

O 4.27: Concept of muscle load sharing with a redundant knee joint [63].

dT
5Lz = Kt(Tz - Ttarget) + Dt% + KlLoffset,i (45)
Loffset,i = Z 6Lz (46)

3. 000000000 Ligrget D000 Loffeey 000000,00000000000 Lgeng O
oooo.

Lsend,i = Ltarget,i + LOffSEtfi (47)

00,0006, 000000, 000000D00C000O0OC0O00DODOOODOOOOODOOODOODO
gbobodgb.aobg,boboboo,gbogbaoboobobobo,boboooabogan.
gb,gdbooooboobboobuodabboo,bbooboobbooboobbooboan

gboogoboob,obooboooboobbobobooboob.

e 100IODOODOOOO Thange OO, 0000000O0O0O0O0DOOO0OO0OOOOOOOOO,
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gbooboobooboobooog.

Zf |Ttarget - E| < Trangea

then 6L; =0

e i0000D00O00DOO0O,00000D0 Tewerthee D00D0D0OO0O0D0O0OOO0DO,0000
gbooooooooobooboobobobo,obobobobobobooooooooon
oo.

Zf rfz < Tlowerthre A 5L1, > 07

then d0L; =0 (4.8)

e i0000O00O0O0O0O0OOOOO0OOO,O000000 Typpertnre 10000000000
U, 00b00obooboobooboobooo,obooboobooobooboobooooOoon
goooo.

Zf E > Tupperthre A 6Lz < 07

then 6L; =0 (4.9)

e i00OD00OD0OO0O0O0O000000O Tyirrmres 1000000000000, 0000000
ooo,0000boooon.

3 > Ty )
cycletime diffthres

then O0L; =0
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Set Parameters and Muscle Group
'Trange
'Tupperthres,TIowerthres,Tdiffthres | . MUSCIe numbel’
-K, D(gain)

-Muscle group

~ offset

Set target tension
Compute average tension of each muscle gro
=Tt T

target™ 'avg offset

T

oL =
Tension checker Get Sensor Informatiory
-L (Muscle Length)
-T (Muscle Tension)
A
Compute muscle modification valug
6Li = Kt (Ti_ Ttarget) + Dt(dT/dt) +
I=offset,i
R Save sum o8L;
Loffset‘ i~ z“SLi
- +
Upper Layer Motion Generator Compute actual muscle length
Compute target muscle lengthy e, ; Lsend, i Larget, 1t Loset, i
+
A 4

Humanoid }—

O 4.28: System flowchart of muscle load sharing [63].
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44.3 0O0OOOOO0

gbooooooooobobooboo,0b00b0oboobooooooooooboobo,0oboboon
ooo.ooooo,cobocoooo0oboboboooboobo0ooocobo. bobobooboobooooon
oooooono 429000.

ooooobobooboooboooboooboob 430000. 000000000 0O0,00000
0000000000 (Rectus femoris) 00 00000000,0000000 20kef]00,000
0000 16kgf] DOO0DDOOOD0OOO0OO. U0,00000000000,000000 10[kef]
obooooOobo,0b0ocoboobooooboobooooobooooobooobo.

Muscle group 1:
Right knee extensor

Vastuslateralis

» & Musclegroup 2:
"B Left knee extensor

0 4.29: Experimental step up of Kenshiro’s leg with load sharing [63].
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O,000000000 4320000000.

0000000000000000000000000000,000 50keflD0DODOOOOOO
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00 30kefj]00000O0OOOO,0000000000000O0O0OOOUDOOOOOO. OO
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Without load sharing With load sharing
20 : : : . 20 : ‘ ‘ —
"""""""" Rectus femoris —— Rectus femoris
18 Vastus lateralis —— 1 18 | Vastus lateralis 1
Wagw,: medialis ] | Vastus medialis

Sartorius Sartorius

) T 14 | , |
= 24, I Peak reduction
a -] 12 1 B
& £
17} w E
E E 10 s
2 g 8 Evenly load ]
= 2 6F

4}

2 E

0 !

0 5 10 15 20
Time[s] Time[s]

0 4.30: Wire tensions of right knee extensors during experimental step up [63]. Left: without load
sharing. Right: with load sharing.

gboo,0cobooooboobobob,0coboobobobobobobobobobooooon
gbooooooboboooobooboboobooboboo.0oooboboooboobOobooo,o
gboobooooboobooooboobooobooobooobo,o0bo0boboobOooooDbo
gbooooboooob.ooboobooooboboo,0o0b00obo0oboobooooboOobn
gboooo,ooooooooooooboo,oobooboobooboobooboon,bo
gboooobooboooobooooobooboooooa.
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O 4.31: Wire tensions of right shoulder muscles during experimental raise arm. Upper: With load
sharing. Lower: without load sharing. The case of without load sharing shows an example of wire

break by tension concentration.

3
3

——tension[31] —tension[31]
——tension[32]
——tension[33]
——tension[36]
——tension[37]
—— target-load-sharing-tension

e tension[32]
«=tension[33]
e tension[ 36]

A

8

5] 8
-3
—

[

3

5 8
~—
\

=
S)

Right shouldg tension [kgf]
—
[

Right shouldg tension [kgf]

/

0 10 20 30 40 5( 15 25 35 45 55 65
Time[s Time[s

0O 4.32: Right shoulder muscle tensions of Kenshiro during raising arm motion. (Left: without

load sharing. Right: with load sharing.
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4.4.5 0O0O0OO0OOO0OOOOOOOO
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gobooooo,0o0boboooboboboooooDo.

0 4.33: Step forward motion of Kenshiro with the interactive suit system [63].
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Muscle Tension [kgf]

8"8&3

o
L

o o,
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o o
I

—— Rectus femoris
—— Vastus lateralis

— Vastus medialis
— Sartori us

@Qé” M U I fv : m&@w ij TH’! )%tmﬁ‘

\ |
\ \ \
\ I \ /
412 414 416 418 420 422 424 426 428 430
Time|t]

0O 4.34: Squat motion of Kenshiro with the interactive suit system and muscle load sharing [63].
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5.1 00000 O0O0OO0ObObObOOoOoOooon
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oooooooo,b0b00 zMPOODOO ZMPOODO,0D000000.00,0000000
boboooooboooboobooboooboooo,booboooboooboobooboOoooooaon
gbooooooboo.obooooboooobobooo,0boobooboob0oboooboOobooon
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0000000000 0000000. 0000000000000 ooO [e4rpo, 000000
000000000 [es|io)oo00000. 0000, 0000000000000 OO0OOOO
Zero Moment Point(ZMP) O, 0000000 6000000000000000O0OOOOOO
oboo,000e6e000000O00DOODOOOOOOO. ODOO000000,0000000AO
oboooooooooooooo,000b00b000bo00oo,bo0,0o0o0ocooooboooon
oooooboo,boo0obbooobooobooobobocoboooo,0b0bo0o0b. 000000 en
obooooooooobooob,b0de0bbO0bobOOobOOOobOOoOobOoobOOoooboobooOoon
obooooo,0b0boocoboes0bO0bO0O0oOoobO0obooooobOo,oboboooooobooon
oboboooboobooooo0o. obobo,00o0b0o0ooo0bo,0bobobobobe0bOb0OOOO
oboboboboboboboobobobobobobobobobobOoboboobooobooon

goog.

5.1.2 0JU00OO00OO0O0OO0gon

gboobooooooobo,obobobobooboo zMPOO0OogooooooOoDOoDbDO,bO0O
gooboo,boboboboboobobobobooboooobobo.oobo,obooboooba
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Parameter Unit Value ‘
Weight 0.122 [kg]
Diameter 45 [mm]
Height 18.3 [mm)]
Range of measurement(Fx, Fy) + 1500 [N]
Range of measurement(Fz) + 2000 [N]
Range of measurement(Tx, Ty) =+ 35 [Nm]
Range of measurement(Tz) + 25 [Nm]
Resolution(Fx, Fy) 0.25 [N]
Resolution(Fz) 0.25 [N]
Resolution(Tx, Ty) 0.005 [Nm]
Resolution(Tz) 0.004 [Nm]

O 5.1: Specification of 6DOF force sensor used in Kenshiro.

gobooo,0cobobooboobooboooboobooooboobob.0oboooobobo,o,o
g,000,0,00,00000000,000000000000000O00O0DO0,000000O
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5.1.3 U000O0bOuoooobobbodedbbbuoooon
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gbooooboooo,obooboobetbbo0obobOoobOoobboOob. b00b0O,b0000
000000000000, 0 51000 ¢450000 600000 (iit, FTsens) 0000000
g,gdboboobooboooo,doboobooboooobooobooboob. o s20,000
gboboooooobo,coboobooobooboboobooooooooboobooboo,bob0oboon
gbooooooboboooobobooboobo. booooboboooooboboo,oo
gbooboobooboobooooboobooooboobooo,bo0obooboooobn
gboooooo. ooooo,boboboboobooooooooooboooboobOob, 00000
0000000000000 1000N](O 43) 000000000O0OODO,0000000000
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0 T T T T T T T T T )
5 ——FTsensor torque
——Muscle-based torque
-4

Ankle pitch torque [Nm]

-12

-14

-16 .

Torque based on muscle tension is measured.
-18 ) ! - .
Sensor value cannot be obtained during this period.
20 Small FTsensor has alow rating.
0 20 40 60 80 100 120 140 160 180 200
Time[s]

O 5.2: Ankle joint torque measured by 6DOF FTsensor and muscle. The sensor torque cannot be

measured during high loaded period around 60 — 90[s] [33].
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5.1.4 U000OO0OOOOOO0bOObOOOOObbObOOOd

000D000000D0000D0000000 ZMPO,0000600000000000000
000D00000000,0000000000000000000000000000. 0000
0000000000000000000000000000,0000000000000000
000D000D0000000000000000. 00000,0000000000000000
0000000000000,00000000000000000000000,0000000
0,0000000000000000000 [35)[66].
00000000D000000000000000000,00000000000000000
00000000000000000,ZMPO000O0OOOO0OOOOOO0OOO0O. 00,00,0
00000,0000000000000000000000000000000,00000000
0000D0000000D00000D0000000D0000000000000000000 (0
5.3).
00000,0000,00000000000000000000,000000000000,
0000000000000000000000000000000D0000000000000
000D000000000000.0540,000000000000000000000000
0.0000000,000000000000000000ZMPOO0O0,0000000000

gogbooboobooboo.booboobooboobo,pbobbobbobbobbo

go.

O 5.3: Spine balancing by musculoskeletal humanoid Kenshiro [33].
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Decide reference ZMP position: p"¢/

pref

Sate estimator
Estimate joint angles. 0 e
Estimate joint torques: T,s;
Ocst, Test
ZMP calculator
. . <
Compute Muscle ZMP: p,,, Compute loadcell ZMP: p,.
pm: plc
Balance strategy
Spinestabilizer | |Ankle-hip stabilizer| | Finger stabilizer
| Pl control based on e(t) | I PI control based on e(t) | | PI control based on e(t) ‘
| Update spine angle | Update ankle/hip Update finger muscle
angles lengths
v i
| Convert angle to length | | Convert angle to length |
- Lspine Lhip' Lankle
Motion generator finger
Convert angle to length
| 8[msg] cycle
I Robot hardware :
upperbody » Muscletensions: T
Llowerbody Muscle Iengths: L

Ground reaction force: F

O 5.4: The flowchart of the balance strategy proposed in this paper.
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5.2 00O ZMP

00 zZMPOODOOOOD,0060000000000 f,,f,00000 £,00,z,y0000
000 7,7 0000000. 00000000000,000000000000000000,0
000 6000000000000C00000000000000,600000000000 ZMP
0000000O0O0O00000000.00000,0000000000 ZMPOOOO ZMPOO
00,000000000000000000000000000000000. 000 ZMPOO
0000000,000000000000000000.

5.2.1 0U000OO0OOOOO0OO0OOOOOOODbOO

000»,000000000000000000000 2y0000000000000 T(€R?)
0,00000000000000000 F(eR"),00000000 G(eR¥)DOO0O0O,000
obooooooboooooboooooon.

T=G'F (5.1)
fi
Tma | _ qr P!
T,y B
fn

oo0,000o000b00O000oo0 LooogoooodoeooboOO0UoDOOOODO,
G)=90L/00 00000000O0OO0. 00000, 0000000000000 0DOOOOOO
gobobooboooooboo,boobooobooobooobooobooboboooboon,
00000000o0ooOoO [e7). 00D0D0D0OD0OU0DO0OODOOOO0O,0000000O00O0O0O0OO0
0000,00000000000000000000000O0O0O00*.

lD0DO000000000,0000000000000,0000000,00000000000000000000
goooooooo,oooooooooooooo.ocoooooocboboobboOobObOoOo,Doooooooobooooo
ooo.
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5.2.2 OO0 ZMPOODO

ocoooobooooooogoooo,0boo0oboboebbObOOObODOOZMPOODODOO
0O.0000000,68]0000,ZMPO,000000000O0O0O0OO0OOO OOOOO,O0
oOoooD,000000 pO0O00OO0DOO0OOOOOOODOOOOODO. DO 50,00 ZMP
obooooOoboooooboon.

N

T(p) =Y {(pj—p) x f; + 75} (5.2)

j=1

000,p0ZMPOOOODOOOOON,, 00000000000000O. ZMPOOOO,O
(52) 0000,p00000000000000,000 2y000000,p,,p, 00000000
0,00000000000.

Zévzl{*ij - (pjz *pz)fjx +pj£fj2}
Zj'vzl sz

N
Zj:l{'rjz = (Pjz = p2) fiy + Djyfiz}
N
Ej:lsz
000 ZMPOOO pme, pmy 0, 0000000000000 0600000000000

(5.4)

Py =

O0~-0000,0 (5.5),0 (b.6)00000000O0O0OOOCOOOODO.0O00O,0000000
oboooo0d z,y,z 000000 30000000000000.

Y {—Tmjy — iz — D) fia + Pinfic}
> Fi

Pz = (5.5)
N
ijl{Tm,jx_(pjz_pz)ij +pjysz}
N
Zj:lsz
ooobooooo, 0000000000000 ooooD, z:0000b00000000O0

Py = (5.6)

goloooboooboooboooboooobooob.boob,0bo0oobooo,00b00ooao
ooooooooooooooooaon, f=0,f,~000000000000000000. 00
oo,000zMPOO00O0OO0OO0ODOO0OO0,000D0000000O0 60000DOOOO.

N
S > j—1{—Tmjy + Pjafiz}
m,r — N
Zj:l sz

(5.7)
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N
Zj:l{Tm,jx+pjysz}
N
Z]‘:1sz
gobo,0000dbo N=20000, f,00000D00O0O0ODOOO,00DO0ODO0ODOOD

(5.8)

Pm,y =

goooooooo,00bD zZzMPOOOOOOODDOO.

» _ —Tm,Ly +pLa:sz — Tm,Ry +PszRz (5 9)
e sz + fRz
D _ Tm,Lx + pLnyz + Tm,Rx + pRyfRz (5 10)
Y sz =+ fRz
Pm = [pm,xapm,yypm,z]T (5.11)

gooooo,000ooooobooboooooooooooo p, 0000 ZMPOOOO,0000
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6000006000000 0O0DOOOOODOO.0DOO0O0ODOOO0eODOOODOOOO6GOHOOODO

oo0o f,0000000.
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Ordinary ZMP
ﬂDOF sensor based(HRP?)

_ 21]\,=1{_ij — Pjz =P fix + pjxsz}

p
* i fi
_ Z}V=1{_zj - (pjz - pz)ij + pjysz}
py - ZN f
Jj=17jz

ﬁrmnre sensor based(H5)

DY EVIN, _Xapiyf

Px = Py =
Y2y, YAV

mscl eZMP
Muscle torque based(K enshiro)

T=G'F _ Sal-tmgy + Sl
fm,l mx 21]\’:1 sz y
[Tm,x] =GT fmz2 ;I" |
Tm,y : _ S =Tmjx + Dy iz} L
fm,n Py 25\;1 sz

- Eliminate horizontal force(fy, f,)
- Use muscle-based joint torque(t,,) instead
of 6DOF force sensor-based torque(t)

- /

O 5.5: Several ZMP calculation methods.
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Right view Back view
Muscle wire

Anklejoint

O 5.6: Ankle geometric condition to compute muscle ZMP [33].

NG E
frame

O 5.7: Ankle muscle arrangement and 6DOF FTsensor configuration of Kenshiro. Muscle numbers

correspond to those used in O 6.10 and O 6.3 [33].
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5.2.3 OO0 ZMPOODOOO
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——Muscle tension
6 ——FTsensor

——Muscle tension
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Ankle joint torque(pitch) [Nm]

Ankle joint torque(roll) [Nm]
T

—

Kl s "
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0 5.8: Comparison of ankle joint torques obtained using muscle tensions and those obtained using
FTsensor [33].
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50 —Muscle ZMP_y ——kenshiro_muscle_zmp
——ZMP_x 10 ——kenshiro_zmp
\A —ZMP_y I ——target_zmp
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'V"' B
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0 T
[ 10 20 W«J 50 6

Time[s) ) ZMP_x [m]

O 5.9: Left: Comparison of ZMP values obtained using muscle tensions and those obtained using
FTsensor. Right: The plot in the xy plane [33].
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0 5.10: Moment influence generated from f, and f, against FTsensor torques [33].
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Force sensor configuration

Sectional view Small load cell
Force

Force measurement unit

Rubber

WGround

O 5.11: Force sensor configuration on the foot.
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5.3.2 OO0OOZMPOOO
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O 5.12: ZMP comparison on Kengoro.
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O 5.13: The spine stabilizer approach to compensate for COG displacement [33].



— 050 0 0000000000000000000000 — 143

5.4.1 Spine stabilizer 0 O O

0540000, 0000000000000.00O0000000O0C0O0O0O0O0,000000,
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000000000000000000. 00 ZMPOOOO ZMPOO e(t)0000,0000
O roll, pitchO000 PIOOOOOOO,0000C00000000O0O0O00O0.00DO,0000

gbooobooaoboaboodood.

Bspine = Ks,pe(t) + Ks,i e(t)dt (514)

es,pitch

Os,ro
Bspine = [ ol ‘| (515)

Pied — pa(t) (516

e(t) = [P;ff—py(t)]

Oo00,pef 000 ZMP O xDD,pZefDDD ZMPO yOOO0OO0OO0,000000D0000O
O0.00,00000008ms]00000000OODOO0OOOOOO.
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5.4.2 Ankle-hip stabilizer [ [ [J

gbooboobooboooo,b0o0obo0oooobooobooboooobooboooooOoobooon
O,00000000000000boOoDObOO0000ooODOo0oOo0oon. OO0 ,Spine stabilizer
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Oun = Kanpell) + Kon / e(t)dt (5.17)
Onip = anban (5.18)
Ounkic = (]— - ah)aah (519)
[ o
Onip = forol (5.20)
L eh,pitch
[ 9(1 T0
Hankle = ol (521)
L ga,pitch
oy =y (1)
e(t) = Y ; (5.22)
| i = pa(t)
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5.4.3 Finger stabilizer O [0 [
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goo,0bo0b-obooboobooobo.obo,boobooboobgon.

L = K; e(t) (5.23)

L [llf ] (5.24)

et) = [ pf —pat) ] (5.25)



146 — 050 0 0000000000000000000000 —

5. JUoonoboooobobbbboooobobbbooooobb
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O 5.14: Left: Forward flexion movement by musculoskeletal humanoid Kenshiro. Right: Experi-

mental data during the forward flexion movement of Kenshiro [33].
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O 5.15: Left: Backward extension movement by musculoskeletal humanoid Kenshiro. Right:

Experimental data during the backward extension movement of Kenshiro [33].
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O 5.16: Left: Weight addition experiment with the spine Stabilizer. A 15 [kgf] weight is added,
and the result are shown in the right image. Right: Experimental data during the weight addition

experiment [33].
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0 5.17: Balance experiment with ankle-hip stabilizer on musculoskeletal humanoid Kenshiro.
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O 5.18: Balancing experiment of Kengoro legs on the floor using loadcell ZMP
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O 5.19: Balancing experiment of Kengoro legs on the pipe using loadcell ZMP.
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O 5.20: Balancing experiment of Kengoro leg with foot finger stabilizer.
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O 5.21: Upper: ZMP and target ZMP of Kengoro during the finger stabilizer test experiment.

Lower: Muscle lengths(Flexor hallucis/digitorum longus) which pull finger during the experiment.
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0O 5.22: Right foot loadcell values during the experiment. data[12-16] are located at finger tip,
data[17-21] are located at middle finger, data[22,23] are located at the heel of the foot.
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gobooboobo,obbooboobooobooboo,bboobboooboobobooobo

g,0o0o0bobobooboobooboobooobooobg.

6.1 UDO0OOOouuooooooooobobboon
6.1.1 0O0O0OOO0OOOO
00000000000000000 (0 6.1)0,000000000000000000000

gboboobooboooo,oboboboobooooooooooooboobooboOobooob,bobooon
0,0000000000000000000000, 00000000000 OO0 [r3)[r4]61]. O

obooooOobooooo,0bo0o0000 22000000000000000000.

O 6.1: Human mimetic musculoskeletal humanoid “Kenshiro”.



158

— 060 0 00000000O0O00O0O0O0O00DOO0O0OCOO0O0O0DOO0O00O —

6.1.2 000000000

gboggbgooabod

gogboooboobooo,bgobooobooboooboobboo,boobooobo

gbogboob.oobooboobooboo,booboobooboobobbobbon

0000000000o0o0o0oo0o,000000000oo000 (0 6200 6.3). 00,00

gboobgoooboboboobooboobooboobooog.

e JOODODO

obooooobooobooboooobooobooobooooobooboooobooonn

obooo,000b00b0b00oboobooooobo0obo0ooooboboooboobooon

googo

gobooboogooboobooboobobooboobbooboo,boobooboo
000000000000 0O0D0,00000000000000 05kNJODOOOOOOO
O0000,0000000000,000000 ValeomOOOOODO 1kNODOOOOOOO
gbobogob.ooooooooboobooboboboo,obobobobobobobo

gobobooboobooboobobbobboo

goooo

gboboobooooooboooboboooobooobobooboooooboooboo oboOoooDn
gboooooobooo,ooooooobbooboboo,ooooooooooboooboonDn
g, 0booocobobooog



— 060 0 000000000O00O00O0O00O0O0O0OC0O0O0O0DOO0O00O0 — 159

0 6.2: 100[W] actuator unit. Upper: horizontal unit, Lower: vertical unit [75].

%

o @
00 P S
3

\/‘vs\’

0 6.3: 100[W] actuator unit structure. Left: transparent model, Right: assembly model [75].
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gogooooo

0000000000000000000 maxonJ BLDCOOOO 1000W]OO0O,00000
000000000 40W]0D 00000, 100WODOO0OO00O000014:1, 29:1, 62:1, 128:1, 333:1 0
500 (0 64)0000000000000,00000000000000O00O0O,00000
gooooooooobooooooooooboOo. oDboOob00o0o0 looWODOOOOOoOooooo
g, 000000000b40WODO0OD000D00D0 610000

128:1 333:1

5.4:1 14:1 29:1 62:1

0O 6.4: From 0 to 65mm is motor part. Head part than 65mm is gear. From the right, 5.4:1(1stage
39mm) / 14:1,29:1(2stages 45mm) / 62:1,128:1(3stages 52mm) / 333:1(4stages 59mm) [75].

O 6.1: Specification of motors [75].

Category 40[W] 100[W]
Declared power[W] 40 100
Nominal voltage 24 24
Overall size[mm] $22 - 44.5 | ¢22 - 62.8
Weight|[g] 85 128
Continued MAX torque[mNm] 19.7 43.7

No load RPM|[rpm] 35100 20500
RPM when continued MAX torque[rpm] | 31900 27300
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O 6.6: Tension measurement module for legs [76].
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0oooo [32]
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00o00o0o0ooO0oooUo0,00000 (0670000000000, DD0O0O0OOO,0000
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Motor
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e WIS e

Moving

. :In/ Pulley \

O 6.7: A concept and basic mechanism of planar muscle [32].

0 6.8: Comparison of linear and planar muscle. Left: linear muscle winding one wire using one

motor. Right: planar muscle winding multiple wires using one motor [32].
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gboooooboobooooobo,obooooboobobooooobOoboooboOo.boboooaon
gboooooobo,boobo0boooboobooooboobooooobooooboooboOooon
0,0000000000000000000000000DO00O0O0 [61]. 00,0000,000
gooooo,0oooooboooboobooooobo,0booobobooboobo,coboooboooon
O00U0ooOoooooooo [20).

gbobooooo,0o0b,0bo0,00b0ob0oboco0oobobob 2000050000000
U. boboobooboobobooboobooboobooboooboobo,ooooboobooboon
ooboob220,0000000000000O000O000O000 90, 000000000020
gbooooooboobso,00b0.0b0ooobobooooo,0oo0ooooboOo,0b0oonD -oo
obO,00000000000000,0000000020,00000010000000A0.

0690000,0 610000000000000000O0O0.000000O000O 620,00
ooooooo e30,00.
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O 6.9: Left: Upper body of Kenshiro including the muscles [5].

O 6.2: Names of muscles in Kenshiro’s upper body [33].

# Muscle Name Joint # Muscle Name Joint

1 Longus colli Neck 12 Subscapularis Shoulder
2 Sternocleidomastoid Neck 13 Trapezius(bottom) Blade
3 Scalenus Neck 14 Pectoralis major Shoulder
4 Trapezius(upper) Neck, blade | 15  Serratus anterior Blade
5 Splenius capitis Neck 16 Latissimus dorsi Spine, shoulder
6  Obliquus capitis superior Neck 17 Brachialis Elbow
7 Rhomboid Blade 18 Triceps brachii Elbow
8 Infraspinatus Shoulder 19  Rectus abdominis Spine
9 Deltoid(rear) Shoulder | 20 Erector spinae Spine
10 Deltoid (middle) Shoulder | 21  Internal oblique Spine
11 Deltoid (front) Shoulder | 22  External oblique Spine
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Joint Arrangement Kenshiro’s Leg Overview  Robot Links Muscle Arrangement

. 3-DOF Spherical Joints Femur bone

) 1-DOF Rotational Joint:
)

Hip joint:

Cross link
Tibia bone
Knee joint: (upper)
2DOFs
| Tibia bone
(lower)
Ankle joint: L
2DOFs B% anke

O 6.10: Joint configuration and muscle arrangement of Kenshiro’s leg [33].

O 6.3: Names of muscles in Kenshiro’s legs [33].

# Muscle Name Joint # Muscle Name Joint

1 Iliopsoas Hip 14 Adductor magnus (medial) Hip

2 Tensor fasciae latae Hip 15 Gluteus medius (front) Hip

3 Rectus femoris Hip, knee | 16 Gluteus medius (back) Hip

4 Sartorius Hip, knee | 17 Gluteus maximus (upper) Hip

5 Vastus lateralis Knee 18 Gluteus maximus (lower) Hip

6 Vastus medialis Knee 19 Piriformis Hip

7 Tibialis posterior Ankle 20 Biceps femoris short Knee

8 Peroneus longus Ankle 21  Semimembranosus/Semitendinosus ~ Hip, knee
9 Tibialis anterior Ankle 22 Biceps femoris longus Hip, knee
10 Pectineus Hip 23 Gastrocnemius (lateral) Knee, ankle
11 Adductor longus Hip 24 Gastrocnemius (medial) Knee, ankle
12 Adductor brevis Hip 25 Soleus Ankle

13 Adductor magnus (lateral) Hip
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6.1.3 UO00O0OOOOO

O0o0oUoooooooo [e1]

goboobooboboob,gobooboo,0booboobooboboobooboobo

goo.gboobgoooobobooooobo,ooboobobooboboboboooboobon,

gogbgoobooboobooboobooboon.

gooooooooo,boo,ob,0o, 00040000000, Dob0oboboboog,

gobooboobooboo,boobobboobooboobooboobooboo,bo

000000000 (O 6.11). 000000, 0000000000000 DO0OODOUDOOOOOO

g, gbobooooobobooobooboo. boobooboboooobobooooobooboon

gboobooooboobooo,0bobobooboooooboooboboooboboobOooooDbn

gbooooboobooooboobo,0boobooboboooooobOoo0. obooboOoobn

gbooooboooooa.

e (00

gbobobobobobooboooobooo,0b0obdyawb 00O 1000,000000
gboboooboooooob3oobooob.boooboooobooo,00bo0oboo0ooonn
l1l00000,00000000000000000b00,00000000000000DbAO0
gbobooob.0Oooboooooobooboooobooobooooooooboo,000onn
gboooobooooobobooooobooon.

oo

gbobooooobooboboooooobobo,oboboboobooboobOobOoon
gbobobooboobo. oboboooooooboobooooooooboo,obooboobooooon
gboboboobooboooooobo. oooboobooooooo,oboooboobooooon
goooo.

oo

gbobooboboooobooobobooo,gboo0ooboo1boob.000oboooboo0ooonn
gbo,0000000000b00000b00.0b00,000b0ooo0ob0oboboobOobn
000,00000000 (0 6.12). D0O0OODCOOOOODOOOOODODCOOOOOODOOO
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gbooobo. obg,0boobbooboobboobyaw 000000 O0OO0OO0DOO0ODOOO

uboooooboooooag.

0 6.11: Overview of Kenshiro’s upper body [61].
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O 6.4: Physical Parameters of Kenshiro and Human [61].

symbol quantity name value human
H Height of the upper body[mm] 896 882 [77] *
Hj, Height of the head [mm] 154 -
H, Height of the neck [mm] 124 -
H, Height of the chest [mm)] 220 -
H, Height of the spine [mm] 175 -
H, Height of the pelvis [mm)] 223 -
My, Mass of the head [kg] 2.68 4.8 [78]
me Mass of the cervical vertebra [g] 53.0 4.5 [79]
my Mass of the thoracic vertebra [g] 37.0 6.5 [79]
my Mass of the lumber vertebra [g] 44.1 15.0 [79]

[

he Height of the cervical vertebra [mm] 183  17.8 [80] **

ht Height of the thoracic vertebra [mm] 22.7  25.1 [80] **

hy Height of the lumber vertebra [mm]  35.8  28.9 [80] **

0. Angle of the cervical vertebras [deg]  38.2 35 [79]

04 Angle of the thoracic vertebras [deg] — 49.1 40 [79]
45 |

6, Angle of the lumber vertebras [deg]  40.0 79]

* Average of 14-year-old male

** Average of L1-L5, T1-T12, and C3-C7

0 6.12: Spine structure of Kenshiro. The spine is composed of five vertebrae with a combination

of springs and aluminum parts [17].
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O0o00oooOoooooooo [20]

U 6130, 000000000000O00000O000O0,OD00000A0.

e 0 -00C0:00RPOODOOOO
ooboooboooooooboo,b0b0o0obo0oobbooboooooo,0o0o0boboooobooobon
oboboobobobobob. obob,0c0o0cbobOoboboobOobOobOobooboon
0o.00,b000,0b00b0bO0b0obOobO0oO0boooobO,obobobobooobooon
oboogo,000b0o0o0oooboooob0o RPOOOODO.

e I0:0000D0OODOOOOODOOOO
boooooooobooboobooboboobo,0oboboboboboobooooooon
u.0oooobo,obooooocoooooobooobooboboboooo,obooboooboan,o

bobooboooobobooooboobooooobooobooobon.

0 6.13: Left: Bladebone structure of Kenshiro. The blade bone is made of stainless steel. Right:

Upper arm structure of Kenshiro [20] .
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goboooboobooboan

e U0 -0000:00000000DOOODODOOUOO [81]
gboo,0obooboooboooboo,ob0oboooboobooooobooooboo.oobon
gbooooooboobobooo,bobooobooboobobobooobooboobOobooon
o.o0o0o00ogo,0boo0obo0g0ooooooboOoOobO0oooooooooOoboHDOODOO, DD
gboboobooooooooooobooboboboo,0bobobobOobobobooon
0000000000000000,000000000000 (O 6.15).

Hinge

O 6.14: High maintainability pelvis [81] .

O 6.15: H-shaped femur [81] .

e 000: 000000000 [29]
00000000,00000yaw00000000,00000000000000000
0000000,000000000000000.00,0000000000000000
000000,000000000000,0000000000000000000000.
00000000000000 616000.00,0000,3.30,340000000000
ooooooooo.

goboooboobooboan

0000 cAbOOoOoooooooooD e17000. 000000O0DODO,000000,640
gboo,b0o00bo0boo,0ooboobobooboobooooboooooboooboon.



— 060 0 000000000O00O00O0O00O0O0O0OC0O0O0O0DOO0O00O0 — 171

Musculoskeletal humanoid Enlarged view of the knee How to work yaw rotation lock by SHM
Kenshiro

| Yaw rotation lock in Extension | .
Back view

Top view

Side view
Lock
Flexion Pin is restricted by groove,
axis and rotation lock is activated

| Rotatable in Flexion |

Top Viewm
Side view 1
] N Inwards oy )&

rotation ,
Flexion

Outw.ards 5 axis
rotation Ve
Y K
axis \ N IN
Pin moves forward and \ =/

is released from lock

O 6.16: Knee joint structure of Kenshiro [29].

oboobooooooooboboboooooboooobobob,b0oboob,00b0000b000
gobooobobooobo,ooobooobooobooobooobo. oooboo,bbod
gooobooobooboo,gobgobobobobboboobooboobo.bbooboa
00000, 00000000 000,00000b0DOo0o0O 3DOFs, 0000 Pitch, YawO O OO
2DOFs, 00000 Roll, Pitch OO OO 2DOFsO000. OOOO,0000000000000O
g,lgbooobooboobooboo,oobgobooboobobboboo.booboa

goooo es000.
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o 3 DOFs spherical joint
2 DOFs oval spherical joint

2 DOFs universal joint
{0 1 DOF rotational joint

s \ A R
$B7 £ - Bone, actuator and muscle tendons
Joint DOFs arrangement Bone arrangement(Front , Back) Bone and actuator  arrangement(Front ) arrangement(Front , Back)

O 6.17: Outline of Kenshiro as detail human simulator robot [17].

O 6.5: Joint movement range of Kenshiro [33].

Joint*? Movement range [deg]
Spine R -63 — 63
P -57 — 90
Y -10 - 10
Hip R -55 — 70
P -85 — 35
Y -60 — 60
Knee P -4 — 160
Y -30 — 40*?
Ankle R -25 - 12
P -20 - 60

*I'R = roll, P=pitch, Y=yaw
*2 Knee pitch angle = 100 [deg]
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6.1.4 OU0U0O0OOOOOO

usSBOOOOODOOOO

00o000,000000000000000000000O00LO0OO0ODOUODO0OOO (821000
0,000000000000 PCO 618) 00000000000O0O0OOOODOOOODOO
000.000000000000,000000000,000000 ADOODO,0000000
Oo0o000oooooooooboooooOoo,usBo0O0O0o0O0O0ooooooooooDooon
00000000000 [83)[84] . 0D 0OUDOLOOODOOUOOODDOOUOOOOO

e 0000 DOOODOODLOOODOODOOLOOODOODOOLOOODOOOODOO
e 10000 DOOO0ODOODOOOOODOOO
e 10000 DOO0OODOODODLODOODOODOODOODO

e 00O USBOOOOOOOOOOOOOO

O 6.18: Small brain PC(intel NUC) inside Kenshiro head.

0000000000 [83]

gboboooooooboooo,0coocboobobooboooooboboooooooboooDg.
gboooboooo -ocobobobooboboobo,bobooo0obooooboooboobooon
oo -booooboooboo. bel9,0620000000000000000000O00O00O0O.
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e JJ0OODUODODODOUODOOOUODODOO FPGA-01D

FPGA-0IDOOOOOOOO PWMOOO,000000O0O0DOO0O ADODO,O0O0D0OCO
O0H8-18OOOUOOO.0O0OO0DO0O0O0DO0OO0O0O0DDOD0O0OO0O0OOoOoOooooOaO, 120[W]
000oo00poo00DOO0. Do0o0oo0oU0DOoOO00DOoOOO0DOO0On0 FPGA-01IDOOODO
gobbooboooboboo,booobooboboobobo. oobboobobooboo
0000 FPGA-0IDDOUDOOOOOUDOOD (RS48) UODODU0OO. DOD0DDDOOOOOUOO
gbobobogoboobooooooooooo,obobooooooboooo. boooooon
0,00000,00000,0000000000000000ADODODOOO. CCODQOOO

O 26[mm] x 46[mm] x 7.5[mm] 000 .

oO0o0oo0o0OO0O0 H8-18

H8-180 O H8UOUOU FPGAOUOOUOO. ODUOO USB(12Mbps) DO OOOOOOO
gooooOoO0O,0000000000000 FPGAOOOOOOOOOO FPGA-01D OO
000oo00o00.00,000000000,00000000O000OoOoUoOO 8500
gbooo,00oboboooobooooobooboooobobooo,oo0obo0oboooon.

oousBOOOO

oboooooooobooooooo,obboobooboooboooobooo,00b0ooboo0ooonn
gbbogbooboobogbobooboaobobooboboobobooooboboana
0000000000000, 0oo0o0ooOoUoooo,bC/DCOOUDOODOOODO USB
ooooooooo0oOooooobooboo0oOoono. 0 e210,000000000000O0 USB
0000000. 000070000 USBOOOOOOoOOOoOooOo,be/DCcOoOdoonon

gobogbooa,bobooboobgoobaon.
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O 6.19: FPGA-01D [86]. O 6.20: H8-18 [86].

O 6.21: USB hub broad [86].
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gpoooog
gbooboobooobooboboooobooon.

e IMU
000000o00,0000000000 IMUOOOOOOOOO (0 6.22). 00000O,0
obooooo,00o0oo0oooobooobooooboooobooooooo,oob0 30,000 30,
00030,0010001000000000000000 [87][88].

e 600 0ODONO

0000000600000 (FTsens, iit) 0000000, 00000000000,000

gboobooboobooboboooo.ge230,000000000.

0 6.22: IMU board used in Kenshiro [88]. O 6.23: 6DOF force sensor used in Kenshiro.
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6.2 UU00OODLOOOOOOLDLOOOOOOoObDbDO

6.2.1 0OUO0OOOOOO

gooooao

00000000000 000O00O (0 e624)0,000000000,000000D0DOO0OO
gbooooobobooooobooboooobo,0co0booboobooboooooboobobo,oboooaon
oboboooboooooobOooobOoobOoobOooooooooooooboooobooOoo.booooon
ooboobooooooooboooboooOoobooobooobooboooooobooooOo,ooon
oboooooboooboobooobooooobooobooboobooooo,oboo0o0o0oaon
oboboobobooboboob. oo, 000000000000 Ooooooo0o,0000000a0
obooo,00b00b00b0b0obooboo,0b00 1400000000, oDOOoOOoOob0Ooo0ooon
oboooooo,0boboocoooboobobooo,0booooooooboOobooboooooon
ooooobo,b0oo0b0booooboo,0coobooobooooboo,coboboooboooobooobooon

ooooo.

0 6.24: Human mimetic musculoskeletal humanoid Kengoro for real world physically interactive

actions.
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6.2.2 0UU00OO0OOOOOO0

gogbgobobooboabood

goooooboobooo,bobobobobooooo-cob0oobobobooooboon
000 (0 413). 0000000000 4300000000.

gobobobooboobooboob,oboobooboobobobobobooboon
e JOODOODODOODO

e JO0ODOOOLOOODOODOOOODODOO

e JOODOOOOODOO

gbooooobo,0o0ocobooboooobooboo,obooweoboboboooooooboon
gboooooooooo.

gboooo,obo0ooboogbs2booboob,oboooo,boosg,00o0 20,0000
40,000 120,000 60000. D0O0O0OO0O0 (DODQOD)0ODOOOOO,00000 100,0
oobog8uo,jooooob 40,00000060,00000030,000020,00001
gbodbo. oboboboooobooboobobobooooobo,0ob0oob0o. 0cob0,0000 840
(00 27r0)000000,00000,000200,000 220,000 120000.00000
gooo,o0o0o001vo,0000 100,0b000 70000, 000O00DOOO,OD0000AO0
gbo,0o0ocoboooooon.

gogbooooo

gooooooo,0oooboooo0oobooo0oobooooDOoooooobo. 0 e2b0ODn
o,0e6000000000,06700000DOOOODO.

gbooooobooboo,oooobo,00bobooobo,oboooobobooobo,oooboaoon
gbooboobooboooboooooooobooboooboOo,00b0oobo0ooobooboobn
g, gbooocoboboobooboobob. o000, obooooobooboobo,0coboobn
gbboobooboobo,00ob00obo0ooooobooobooboobOoooboOoooobooDbn
gboooooboobobooooo,oboboobooboobooooooboooooobon. o
0,00000000000/0000000000000,000000000000000O000O0
goooooo.
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0 6.25: Muscle arrangement of Kengoro. Left: upper body, Right: lower body.

O 6.6: Names of muscles in Kengoro’s upper body.

# Muscle Name Joint # Muscle Name Joint
1 Longus colli Neck 15 Pectoralis major Shoulder
2 Sternocleidomastoid Neck 16 Pectoralis minor Shoulder
3 Scalenus Neck 17 Latissimus dorsi Shoulder, spine
4 Trapezius(upper) Neck, blade | 18 Biceps brachii Shoulder, elbow
5 Trapezius(bottom) Blade 19 Brachialis Elbow
6 Splenius capitis Neck 20 Triceps brachii Elbow
7  Obliquus capitis superior Neck 21 Flexor carpi ulnaris Wrist
8 Rhomboid Blade 22 Extensor carpi ulnaris Wrist
. Flexor pollicis longus/ flexor .
9 Serratus anterior Blade 23 Finger
digitorum profundus
10 Infraspinatus Shoulder 24 Rectus abdominis Spine
11 Deltoid (front) Shoulder | 25 Erector spinae Spine
12 Deltoid(middle) Shoulder | 26 Internal oblique Spine
13 Deltoid(rear) Shoulder | 27 External oblique Spine
14 Subscapularis Shoulder
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0 6.7: Names of muscles in Kengoro’s legs.
# Muscle Name Joint # Muscle Name Joint
1 Adductor minimus Hip 15 Adductor brevis Hip
2 Adductor longus Hip 16 Adductor magnus Hip
3 Pectineus Hip 17 Tensor fasciae latae Hip, knee
4 Rectus femoris Hip, knee | 18 Vastus medialis Knee
5 Sartorius Hip, knee | 19 Vastus lateralis Knee
6 Quadratus femoris muscle Hip 20 Biceps femoris short Knee
7 Biceps femoris longus Hip, knee | 21  Gastrocnemius(medial) Knee, ankle
8  Semimembranosus/ semitendinosus Hip, knee | 22 Gastrocnemius(lateral) Knee, ankle
9 Iliopsoas(iliacus) Hip 23 Tibialis anterior Ankle
10 Gluteus minimus Hip 24 Soleus Ankle
11 Gluteus medius(front) Hip 25 Tibialis posterior Ankle
12 Gluteus medius(back) Hip 26 Peroneus longus Ankle
) ) Flexor digitorum
13 Gluteus maximus(front) Hip 27 ) Ankle, toe
(hallucis) longus
14 Gluteus maximus(back) Hip
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gb-0obgopboobooboon

goboo,0oboooboooboobobooobooooooooobooobo.0ooobooo,ao
gboooboooboooobooboooboo,0-0bboobooobooboobooobooboo,oobooon
goboobooboobooob.boobooobo,b0obooboboobbooobooboOoooboo,boooo
0000000000000 00000000000000000Uo0O (0 6.26). DOODODDOO
go,00b0bo0boboooobo,oboboboboboooooooboooo,boboobooon,
obooboooboooboobo.oboooobooboboobooboobooooooooboooon
gboooooooboobobooo,0boooobooboobobo,0b00ob0obobooooon

g,dbooobooboooobooooboboooa.

0 6.26: Muscle wire cover newly proposed for Kengoro.[89]
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6.2.3 UO00O0OO0OOOO

0ooo[90,91) (000D: 000 (D0D0O0OD0),0000,00000(000000))

0000000,0000000000000000000000000,0000000000
0000000000000000.0000000000000000000000000000
0000000,000000000000000.

000000,0000000 PC(NUC)OO,0000000 (psdeye), 00000,00000
00000000, IMU,00000000. 000000000 627000.0000000 PC
0,00000000000000,000000000000000000000,00000,0
0000000000000000.00000000000,000000 PCO00O0O0OOO
000000000000000,0000000000000000000000000. 000
000000,000000000,0000,00000000,000,000000000000
00000,00000000000PCOO000O000O,00000000000000000
oooooooo.

O 6.27: Components inside Kengoro’s head. From left: internal PC(intel NUC), stereo cam-
era(psdeye), speaker.[91]

sOO00000O00000 [89,92,90] (0000: 0000 (00),0000 (00,00),00
000 (@o))

gbooooocoo,0coboobobo,b24000000000,00,000000,0000£0
goooooooooo,0o0oo0ooooooOoooooboOooDbO,0O0b00O0ooO SsooooboOoo
0000000 (0 6.28). D0OOOOODOOOUDODOOOOOO.

e (10
JodooOoo0ooOoooo,b000bo 10000000, 00000000 300000
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gbobooboob.cboobobooboboboboobobooooooob,boobo

gooobdogobgoobgoooooboooboobooobooboobooboobooboo.

obooobooooboooob -boboboboboboob,cb0o0ooboocboboobooooon
oobOooooooooobo.Obooboobo,obooooooooboooboooooboooon
obO.00,000000,00000000O00O0C0O0O0O0O00O0,0Db000O000O00000A0
oboocoOoboooooboob.oobooooooboooooboobooooooboOoobooon

gbO,00000000000000000, 000000000000 0DO00O00O00O00DO.

e (10
gboboo1200,000000,000000000000000DO0DOO,0000000
gboogboobooobooboobooboobooboboo,boobooboobob. 1200
O0000,00600pitch00000O0O (O 6.29),00000000000000.0000
oo0o0o0o012000,0000000,0000000DO0O0000O0.000,CFRPOOOO

goo,0oobooboobooboobuoobuooboooon.

e 00O
gooob,bobooobooobooboobooboboobOobo.0boboo,ob0obooon
oboobooobooooobooooboo,ouobooooooooooobooob,oo0oon
gobooooooboooboobooobooboooboooboooobo.boobooooon,oo
gboboobOobooooooboooo,boocobooboo,booboobooboooon,o
obooobOoobooooboooon.
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Lumber vertebrae

O 6.28: Overview of Kenshiro spine structure. The structure has 7 cervical vertebrae, 12 thoracic

vertebrae, and 5 lumber vertebrae. [89, 92, 90]

g 2 2

;f

= \ 4@
=:"' 15

0 6.29: Overview of the rib cage, thoracic and lumber vertebrae. Rib cage is made from CFRP.
The rib cage was designed to keep its flexibility to keep the DOF in the thoracic vertebrae. 12

cervical vertebrae and 5 lumber vertebrae can be seen. [89]
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00000 [89] (DDOD: 00O0D)

goboooooboo,obooooobooboobooboooboo,oooobooobooooboooboog,
“O0070 “bboO0O0’bDoO00DOO00DOOO0O00. 0b0bO0000, Bi-layer DOOOOOOO
0000000000000000000 (0 6.30). 000D00D0O0O0OO,00000000000
04000 Bi-layer 0000000000, 00000000000000 (0 6.31). 000000
gboooooboooooboooooa.

e NUUDOOUODLOODLOODLODOO
00o000oO0o0o0ooo0o0,000000000o0ooD 0000000000000

ubobda,gbobobobobobo,ubobobobobooboaobogboooooood.

e JI0DODODODDODOODOODLOODO
sjboooooooooooboooboobooboooobbo,000bobooboobboobooooog
gobooboooboo. booboobboobooboboobo,booboboooboo
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head of humerus

cable path

0 6.30: Overview of developed humerus. The white part represents the head of humerus that
enables adhesion of muscles and bones. Printed aluminum has Bi-layer porous structure that

enables vapor cooling. [89]

P8 porous

* P3 porous

max density aluminum

O 6.31: Developed structure with Bi-layer P3-P8 porous. [89]

water channel P8 porous

motor

contact A

3D rib to reinforced structure inside bone

0 6.32: Cross section of skeletal frame of humerus. The bi-layer structure works both to support

the frame and cool the motors. The 3D rib to reinforce the structure is shown in red. [89]
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O 6.33: The skeletal structure overview of Kengoro legs
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O 6.34: Left: Femur bone of Kengoro, Right: Tibia bone of Kengoro.
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O 6.35: Overview of Kengoro foot with human mimetic multiple DOFs.
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O 6.36: Overview and joint DOFs configuration of Kengoro.
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O 6.8: Comparison of connectors.

SH ZH GH
Dimension(7pin, side) | 4.25 x 9.0 x 2.95 6 x 13.5 x 3.7 4.05 x 12.1 x 4.35
Cable size[mm)] $0.4-0.8 ¢ 0.5-1.1 ¢0.76-1.0
AWG 28-32 26-32 26-30
Lock mechanism - - with good click feeling
Thick cable,
Thick cable, good contact,
Advantage Compact hardly pulled out | easily attaching/detaching
Easily pulled out,
Disadvantage contact failure Relatively large Relatively large

0 6.37: FPGA02D [62].

0 6.39: USB hub board for Kengoro.

=:||||“iiH:lij'|"i"[-H...

0 6.38: H8-18-GH [92].
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O00000. ADOOO0OArduinonanod ADOODOOOOOOOODOOOOOODOOO
O00,0000 Arduinonano0000D0ODODODO.

O 6.40: Amplifier board to read loadcell value in Kengoro foot.

o IMUDOO
00000000,00000000000000IMUDOOOOOOOOO0 (O 6.41).

O 6.41: IMU board inside Kengoro’s head.[92]
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0 6.9: Specification of Kengoro’s battery

Usage | Logic | Servo | PC
Type LiFe | LiFe | Li-ion polymer
Voltage[V] 9.9 26.4 19.0
Capacity[Ah] 5.0 5.0 4.5
Run time(Standing) [min] 22 71 over 420

O 6.42: Batteries for Kengoro power supply. Left: Batteries for logic(green) and servo(yellow).
Right: Battery for internal brain PC.
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O 6.10: Link length comparison between human and Kenshiro.

Length [mm)]

Sign Name Human(target length) ‘ Kenshiro ‘ Ratio [%]
a Body height 1580 1598 101
b Face(head) 213 227 107
d Chest length 256 265 104
d Chest thickness 203 211 104
e Spine 652 682 105
f Upper arm 271 270 99.6
g Fore arm 248 236 95.2
h Hand 155 -l -

i Shoulder width 369 372 101
j Pelvis height 925 915 98.9
k Hip width(joint) 164 168 102
1 Hip width(trochanter) 304 309 102
m Upper leg 351 348 99.1
n Lower leg 346 343 99.1
o Foot 69 74.3 108
p Foot length 231 260 113
q Foot width 99 90 90.9

Average 103

*1 Hand excludes from the list because Kenshiro doesn’t have hand.
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0 6.43: Length proportion of human bone(design target), Kenshiro and Kengoro. The bone is

from [23].
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O 6.11: Link length comparison between human and Kengoro.

Length [mm)]

Sign Name Human(target length) ‘ Kengoro ‘ Ratio [%]
a Body height 1574 1652 105
b Face(head) 199 213 107
¢ Chest length 248 281 113
d Chest thickness 188 203 108
e Spine 686 728 106
f Upper arm 275 271 98.5
g Fore arm 244 256 105
h Hand 141 232 165
i Shoulder width 350 395 113
j Pelvis height 932 979 105
k Hip width(joint) 169 151 89.3
1 Hip width(trochanter) 303 293 96.7
m Upper leg 381 384 101
n Lower leg 351 348 99.1
o Foot 71.3 79.2 111
p Foot length 234 241 103
q Foot width 99 91 91.9

Average 107
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0 6.12: Link weight comparison between human, Kenshiro and Kengoro.

Weight [kg]

Name Human(target weight) ‘ Kenshiro ‘ Ratio [%] H Kengoro ‘ Ratio [%]
Body weight 50.0 51.9 104 55.9 112
Head*! 4.0 3.1 77.5 2.6 65.0
Trunk*? 17.0 18.4 108 17.1 100
Upper arm 1.5 1.95 130 2.19 146
Fore arm 1.0 1.16 116 1.28 128
Hand 0.5 -3 - 0.39 78.0
Pelvis 6.0 7.98 133 8.64 144
Upper leg 5.0 4.0 80 5.07 101
Lower leg 2.5 3.05 122 3.53 141
Foot 1.0 1.07 107 1.34 134
Average 109 | 115

*1 Head includes neck.
*2 Trunk includes spine, chest and bladebone.

*3 Kenshiro doesn’t have hand.
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0 6.44: Joint DOF comparison on several humanoids.
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0 6.13: Same name muscle number evaluation

‘ Human ‘ Athlete robot[36] ‘ Pneumat-BS[35] ‘ Kenshiro[17] ‘ Kengoro

Number of muscles

in spine 34 - 2 10 10
Ratio to
human 1.0 - 0.06 0.29 0.29
Number of muscles
in an arm
(without hand) 31 - 3 10 15
Ratio to
human 1.0 - 0.097 0.32 0.48
Number of muscles
in a leg
(without foot) 42 7 16 21 24
Ratio to
human 1.0 0.17 0.38 0.50 0.57

Number of muscles
in whole body

(without hand and foot) 104 - 22 40 48
Ratio to
human 1.0 - 0.21 0.38 0.46

Number of muscles
in whole body

(with hand and foot) 132 - 22 40 48

Ratio to
human 1.0 - 0.17 0.3 0.36
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O 6.45: Hip joint torque of Kengoro, Kenshiro and Kojiro.
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0 7.2: 3D geometrical model of Kenshiro
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O 7.4: Overview of musculoskeletal humanoid state viewer.
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0 7.5: Real motion and estimated pose of Kenshiro.
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O 7.6: ZMP and left shoulder muscle tensions during valve manipulation.
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O 7.7: A snapshot of Kengoro manipulating valve with balancing. Arm motion is generated by

teaching and play.



222 — 070 0 0000000000000 00000000 —

722 00000OOOOOOOO

gboboooooooooo,0000ob0obooobooooooooooboooboboo,o0ooboaon
gboooooobo.ooobo,boboboobo0obooooobooooooobooon.

Finger stabilizer 0000000

zZMPO00, 000000000000, 00D000,000000DOO000O0ODODOOO.
gboooooobobooooobobooboobobooo,0ob00ob0oboo0ooobon. o
790000000,0 780,0000ZMPOOUD,000000000DO00DO0OO. 125(s]000
g,000booo,000oooooobooo zMPOO0O0OOOODD. ZMPOOODOOODDOOO
gooooo,0oooo0o0o0ooooooooo. oo, 0ooooobobooo0o0oOog,zZzMPO
oozMpOoOoooOOOOOOOOOODOOOOODO,ODO0000O0O0O0O00DOOOOODOOO
000000. 1600000, 0000000000000 DO0O0OOO,00000O0O0OUOO.

60 30
—— K engoro_target_zmp(x)

’ \ /__\ /_\ —— K engoro_zmp(x) 2

50 —— Fore deltoid length
——Middle deltoid length
—— Rear deltoid length 10
\ - Biceps length —
o AW )P;l\ H\ [F

. B

o

o
5

]

8
Muscle length [mm]

&

20 — — — -60

-30 -70
100 110 120 130 140 150 160 170 180

Time[s]

0 7.8: ZMP and left shoulder muscle tensions during outdoor experiment.
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0 7.9: A snapshot of Kengoro standing-alone with finger stabilizer and moving its arms.
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0 7.10: A snapshot of Kengoro standing-alone with ankle-hip stabilizer and moving its arms.
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O 7.11: ZMP and left shoulder muscle tensions during the experiment.
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O 7.13: The snapshot of Kengoro stepping twice utilizing walls. All muscle actuators of Kengoro

are controlled by tension control.
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= |_eft load sum
= Right load sum [—

80 90
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O 7.16: Musculoskeletal humanoid Kenshiro on the experimental setup vehicle [88].
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0 7.17: The driving experiment with switching pedals by Musculoskeletal humanoid Kenshiro
controlled by the IMU suit [88].
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0 7.18: The enhanced toe reachability enabled by the yaw DOF of the knee was contributed to

the vehicle driving. Inside the red frame is the joint angles during the experiment [88].
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O 7.19: Roll over motion of Kengoro controlled by an interactive humanoid controller.
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0 7.20: Centroid trajectory and foot step for stepping motion.
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O 7.21: A snapshot of Kengoro stepping with balancing and battery.
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O 7.22: Sensor values during the stepping experiment. Upper left: target and measured ZMP

values. Upper right: estimated knee joint torques. Lower left: estimated knee joint angles. Lower

right: estimated knee joint velocities.
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