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Fig.5.7 Generated motion of large tap dancing

robot (after optimization)
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Fig.B.1 Tap dancing robot model (right foot touches ground)
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Fig.B.2 Tap dancing robot model (left foot touches ground)
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Ig(él + 02) =T+ fyég sin(91 + 92) + fxég COS(01 + 92) — Dgég (BQO)
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Fig.C.1 Planar moonwalking robot model

0000000000000 00O0000000000D FigClOoOOOOoooOOoOooooOOoOooOOOOOOO
coboboooooooooboocooboooOoooOoOoOobOOoO0oOOoOOO0OOOObOOO0ODbOOOOOOOOOO0OOOO
0ooo0oooooooooooooé(i=0,1,2,---,7) 00000040000 ;0000000 400000
;0000000 nO000000000D f,,0f,0000000 2;,0¢000000000000 m;0L000 4

TOKYd TIECH Department of Mechanical Sciences and Engineering.
Tokyo Institute of Technology



OCOOoooooooooooon 53

000000 0000000 ¢g00000C0CO000000C00000D0O0O0O0000O000 20y 000 20y,
goboboooooboboooobobbdo z0y,, 000000D0DOO0OO0DODOO0O0O0ODODOOO0O0O0O0O0O yO
00000000000000000000000000000000000 006000 f,Df,,0000000
obobooooobooboboboboooooog

fyO ) fy'?ZO (Cl)

cooobobodoooooobooocoOoooooooooooOoOoOoOooOoboOoobooOoOoooon

oooo

Fig.C.2 Sole of robot model (link 0)
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Fig.C.3 Sole of robot model (link 6)
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Fig.C.4 Planar moonwalking robot model (link 0 is fixed)

xo = xp + £ cos(fp + g) + ag cos Oy

Yo = yp + Ly sin(fg + g) + ag sin §

x1 = xp + £ cos(fp + g) + {g cos Oy + aq cos 01

y1 = yp + le sin(fp + g) + 0o sin By + a1 sin 64
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x4 = xp + £y cos(fp + g) + Lo cos By + €1 cos B + £o cos Oy + ay cos by

Ya = Yp + 4y sin(90 + g) + losinfgy + £1sin 6y + £58in By + a4 sin Oy
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Fig.C.5 Planar moonwalking robot model (link 6 is fixed)
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xg = xp + £y cos(fg — g) + (bs — ag) cos(8g — ) (C.53)
Yo = yp + Ly sin(f — g) + (L — ag) sin(s — ) (C.54)
x5 = xp + £y cos(fg — g) + g cos(s — ) + (U5 — as) cos(05 — ) (C.55)
ys =y + frsin(0s — 3) + fosin(6g — m) + (65 — as) sin(05 — ) (C.56)
xy = xp + Ly cos(Bs — g) + g cos(s — ) + U5 cos(05 — ) + (L4 — ay) cos(fy — ) (C.57)
Ys = yp + £y sin(fg — g) + lgsin(fs — ) + l5sin(0s — ) + (b4 — aq) sin(fq — m) (C.58)
x3 = p + £y cos(0g — g) + lgcos(Bg — ) + €5 cos(05 — ) + £y cos(0y — )

+ ag cos B3 (C.59)
ys = yp + Ly sin(0 — g) + lgsin(0g — ) + U5 sin(0s — ) + Ly sin(0y — )

+ assin s (C.60)
xo = xp + L1 cos(fs — g) + lg cos(fs — ) + €5 cos(05 — ) + €4 cos(fy — )

+ (b — ag) cos(fz + ) (C.61)
Yo = yp + Ly sin(Og — g) + lgsin(fs — ) + €5 sin(0 — 7) + L4 sin(fy — )

+ (b2 — ag) sin(fy + ) (C.62)
x1 = xp + Ly cos(fs — g) + lgcos(bs — ) + €5 cos(05 — ) + €4 cos(fy — )

+ lacos(02 + ) + (b1 — ay) cos(01 + ) (C.63)
y1 = yp + Ly sin(fg — g) + lgsin(fg — ) + €5 sin(05 — w) + £y 8in(6,4 — )

+1€2 Sil’l(eg +7T) + (51 - al)SiH(91 +7T) (C64)
o = xp + £y cos(fg — g) + lg cos(0g — ) + €5 cos(05 — ) + £4 cos(04 — )
+ €3 cos(fa + ) + 41 cos(01 + ) + (by — ag) cos(bp + ) (C.65)
Yo = yp + £y sin(f — g) + e sin(fs — ) + U5 sin(Bs — ) + Lasin(fy — 7)
+ losin(fz + ) + £y sin(61 + ) + (Lo — ap) sin(fy + ) (C.66)
Ty, = Xp + £y cos(fg — g) + lgcos(Og — ) + €5 cos(fs — ) + Ly cos(0y — 7)
+ Uy cos(0a + ) + £1 cos(01 + ) + (bo — an) cos(0g + ) + €5, cos(0p + g) (C.67)
Ym = Yo + Ly sin(Og — g) 4 o sin(fs — ) + s sin(fs — 1) + Ly sin(0y — 1)
+ Losin(f + ) + £y sin(01 + 1) + (fo — ap) sin(fp + ) + £, sin(fo + g) —a, (C.68)
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C3 000O0U00ODoOoOoOooooooooo

goboodooboobooobboobooobobooboobboobboobbooboobbooboOoo

000o000000000g; <6y <35 —0,0

io = —0ol; sin(6p + g) — 98& cos(fy + %) — fpag sin 0y — égao cos O

ijo = 0oty cos(fy + g) — 98&5 sin(fp + g) + pag cos Oy — égao sin 6

i1 = —0ol, sin(fy + g) — 98& cos(fy + g) — Bl sin By — Q%EQ cos By — f1aq sin by — 9%@1 cos 04

= ol cos(6p + g) — 98& sin(fp + g) + foly cos Oy — 93@0 sinfg + 61a1 cos 0y — 9%@1 sin 04

f—— sin(6p + g) — 98& cos(fp + g) — fply sin Oy — Hgﬁo cos g — 0101 sin 07 — 9?51 cos 04

— 02&2 sin 92 — 03@2 COS 02

o = ol cos(6y + g) — égﬁt sin(6p + g) + byl cos Oy — 98(0 sin 0y + 6141 cos 7 — 9%(1 sin 6y

+ O2a5 cos by — 9%@2 sin 05

f—— sin(fp + g) — 98& cos(6p + g) — Oply sinf — 9860 cos g — 0101 sin 01 — 9'%51 cos 01

— fy0y sin Oy — 93[2 cos 0y — fzaz sin O3 — 9§a3 cos 03

3 = ol cos(6p + g) — égﬁt sin(fp + g) + folg cos By — 9350 sin g + 6101 cos 7 — 9%61 sin 01

+ égﬂg COS 92 — 0%62 sin 02 + éga:; COSs 93 — ang sin 03

iy = —0ol, sin(fg + g) — égﬁt cos(fy + g) — Bl sin By — 9%(0 cos By — 610 sin 6y — 9%51 cos 0,

— Oyly sin Oy — 9§€2 cos 0y — Oya, sin Oy — 92a4 cos 04

ijia = Ooly cos(fp + g) — égét sin(fp + g) + blg cos By — 9(2)50 sinfg + 6141 cos 7 — 6"%51 sin 01

+ ol cos Oy — 9562 sin Oy + Gya4 cos Oy — 93a4 sin 04

T — sin(fy + g) — 93& cos(fy + g) — folo sin by — égﬁo cos O — 0141 sin0; — 9%61 cos 0
— égéz sin 0y — 0362 cosfy — 5454 sinf, — 9&64 cosfy — 55a5 sin 05 — égas cos 0y
ijs = Ol cos(fy + g) — 93& sin(fy + g) + ol cos Oy — 9%60 sin 6y + 6144 cos 1 — éfﬁl sin 6,
+ b5 cos Oy — 93[2 sin 6y + 6404 cos 0y — 93&1 sin 0 + Osas cos 05 — 9§a5 sin 05
i = —0oly sin(fy + g) — 624, cos(6y + g) — Byl sinfy — 620y cos By — 610, sin 6 — 024, cos 6,

— fy0y sin Oy — 9352 cos By — G40, sin 0y — 9264 cos 0y — Osls sin 05 — 952,65 cos Oy

— Ogag sin b — H2ag cos 6
606 6 606 6

g = ol cos(6y + g) — égét sin(6p + g) + byl cos Oy — 9850 sin gy + 6144 cos Oy — 9'%51 sin 6

+ éggz cos bty — 9362 sin 09 + é4£4 cos By — 93@4 sin 0, + 9.5£5 cos f5 — 9§£5 sin 05

+ Ogag cos Og — 0%(16 sin Og

(C.74)

(C.75)

(C.76)

(C.77)

(C.78)

(C.79)

(C.80)

(C.81)

(C.82)
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F—— sin(fy + g) — 93& cos(fp + g) — Oty sin O — égﬁo cos O — 010 sin6; — 9%81 cos 0

— fyly sin By — 9362 cos g — O40, sin 0y — 9284 cos 64 — 5565 sin 05 — 9?85 cos 05

— 0g(ls — ap) sinfg — 02(Ls — an) cos O — Ogly, sin(Hg — g) — 620), cos(B — g) (C.83)
Gim = 0ol cos(6y + g) — 620, sin(0y + g) + Bolo cos By — 620y sin g + 6101 cos ) — 624, sin 6,

+ Gyly cos By — G305 sin O + 0404 cos Oy — 620, sin 04 + 0505 cos 05 — 6205 sin O5

+ 05 (L — ap) cos B — 62(Ls — ay) sin B + sy, cos(B — g) — 020), sin(fs — g) (C.84)

000 60000000006, +7<6s <3 —6,0

i = —Ol, sin(0s — g) — 620, cos(0 — g) — G6(ls — ag) sin(0s — ) — 62(Ls — ag) cos(f — ) (C.85)
iis = Ol cos(B — g) 020, sin(0g — g) + 06l — ag) cos(fg — ) — 02(Ls — ag) sin(fg — ) (C.86)
i5 = — 0l sin(0g — g) — 620, cos(0 — g) — flg sin(Bg — ) — 6205 cos(fg — )

— 05(5 — as) sin(f5 — ) — 02(s — as) cos(B5 — ) (C.87)
ijs = 05ty cos(0 — g) — (20, sin(s — g) + Bl cos(0 — ) — 6205 sin(0 — )

+ 05 (05 — as) cos(fs — ) — 02(L5 — as) sin(5 — ) (C.88)
iy = —0gly sin(fg — g) — 6024, cos(s — g) — fglg sin(f — m) — 624 cos( — )

— Bslssin(0s — ) — 0205 cos(05 — 1) — O4(Ly — aq)sin(By — 7) — 02 (Ly — ay) cos(fy — ) (C.89)
ija = Oty cos(0 — g) — 420, sin(0g — g) + Gl cos(0 — ) — 205 sin(0 — 7)

+ 0505 cos(05 — 1) — 6205 sin(Bs — 7) + 04(4 — ag) cos(y — ) — 62(Ly — ag) sin(fy — ) (C.90)
i3 = —Ocls sin(fs — g) — 9%4,5 cos(fg — g) — Gl sin(fg — m) — 9366 cos(fg — )

— 505 sin(fs — ) — 0205 cos(05 — ) — Oyly sin(By — 7) — 6204 cos(04 — )

— O3a3 sin 03 — égag cos 03 (C.91)
ij3 = fgl; cos(0 — g) — (20, sin(0g — g) + Gl cos(0 — ) — 205 sin(0 — 7)

+ 505 cos(05 — 1) — 6205 sin(0s — 7) + 0404 cos(By — ) — 0204 sin(By — )

+ fsa3 cos O3 — 9§a3 sin 03 (C.92)
iy = —Ogly sin(fg — g) — 620, cos(s — g) — fglg sin(f — m) — 624 cos(B — )

— Bslssin(0s — ) — 0205 cos(fs — m) — B4y sin(By — ) — 204 cos(By — )

- éz(éz —ag)sin(fy + ) — 93(62 — ag) cos(fz + 7) (C.93)
{ja = O6l; cos(f — g) — 620, sin (0 — g) + 00 cos(0 — 1) — 024g sin(G — )

+ 0505 cos(0s — ) — 0245 sin(Bs — ) + G4l cos(0y — ) — 0204 sin(6y — )

+ 03(¢g — az) cos(Bz + 1) — 03(Ls — az) sin(fy + ) (C.94)
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i = —0gl, sin(fg — g) - égét cos(fs — g) — Ol sin(fg — ) — 9346 cos(fg — )

— Bslssin(fs — ) — 6205 cos(fs — 1) — B4ly sin(By — ) — 204 cos(By — ) — faly sin(Hy + )

— 0205 cos(0y + ) — 01(61 — ay) sin(0y + 7) — 02 (01 — ay) cos(6y + ) (C.95)
i = 0, cos(0 — g) — 020, sin(05 — g) + Gl cos(0 — ) — 205 sin(0 — )

+ 0505 cos(0s — ) — 0245 sin(0s5 — ) + G4l cos(0y — ) — 020y sin(0y — 7) + Oals cos(Oy + )
+ 6, (01 — ay) cos(By + ) — 02(£y — ay) sin(6; + ) (C.96)

— 620y sin(0y 4 )
io = —O6ls sin(fs — %) — 92& cos(fs — g) — gl sin(fg — ) — 9%66 cos(fs — )
— é5€5 Sin(95 — 9%55 COS(G{, — 71') — é4£4 sin(04 — 71') — 9264 COS(94 — 7T)

)
— Oaly sin(fy + ) — 0205 cos(0y + ) — 014, sin(6; + ) — 624 cos(0y + )
— 0o (o — ag) sin(6 + ) — 05 (¢o — ao) cos(fy + ) (C.97)
iio = gty cos(0g — %) — 024, sin(0 — g) + figle cos(0 — ) — 6205 sin(0g — )
+ 0505 cos(fs — ) — 9?65 sin(fs — ) + 0404 cos(fy —m) — 0384 sin(fy — )
+ 020y cos(0y + ) — 024y sin(By + ) + 6,4 cos(0y + m) — 024, sin(6; + 7)
+ By (Lo — ag) cos(f + ) — 02(Lo — ag) sin(By + ) (C.98)
G = — 06, sin(f — g) — 624, cos(0 — g) — fls sin(0g — ) — 6205 cos(6g — )
— G505 sin(05 — ) — 0205 cos(05 — 1) — Byly sin(fy — 1) — 6204 cos(By — )
— fyly sin(fy + ) — 205 cos(By + ) — 614y sin(0; + ) — 201 cos(0y + ) — 6o (Lo — ap) sin(fy + )
— 02(Co — ap) cos(8o + ) — Bl sin(B + g) — 620), cos(0y + g) (C.99)
Gm = g0y cos(0g — g) — 024, sin(fs — g) + gl cos(fg — 1) — 624 sin(Bg — )
+ 0505 cos(05 — ) — 0245 sin(0s — 7) + Ouly cos(0y — m) — 034y sin(fy — 7)
+ 2o cos(Bz + m) — O34 sin(Ba + ) + 6141 cos(61 + 7) — 024y sin(6y + 7) + B0 (Lo — an) cos(fy + )

— 02(¢0 — ap) sin(fo + ) + GLy, cos(Bp + g) — 020y, sin(y + g) (C.100)

C4 0O0O0OO

oo000oooo0o0ooooOo 70000 8OO0DO0O0O00 1600041 000000000000000D06
coooooooooooobooboooo

000 000000000060, <6 <75 —0,0

0:<0o<Z—0,0005>3% 0,000
0000000000000000600000000000000000000 7000000021000
(C.2)0(C.4)0(C.12)0 (C.26)0 (C.34)0 (C.36)[I 0000000 16000 (C.69)0(C.84)0000000 4
o

fyo2 =0 (C.101)

Jar =0 (C.102)

fyr2 =0 (C.103)
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o04100000000000000000

0p <0p<5—0,000;+7<0<3—6,000
000006000000000000000000007000000021000 (C.2)0(C.4)0(C.12)0
(C29) 0000000 16000 (C.69)0(C.84)0 000000 40

Jyo2 =0 (C.105)
Fm — Ogap sin O — 9§ah cosfg — 96(€h + 4;) sin(fs + g) — ég(fh + 4;) cos(0s + g) =0 (C.107)
Gim + Ogan cos O — 02ay, sin O + O (), + £;) cos(0s + g) — 02(4y, + £,) sin(fg + g) =0 (C.108)

00410000000000000000A0

=015 — 0,00 >3 —6, 000
00000000000000600000000000000000000070000000000000
021000 (C.5)0(C.8)0(C.12)0(C.26)0 (C.34)0 (C.36)II 0000000 16000 (C.69)0(C.84)00
0000040

o =0 (C.109)
far =0 (C.110)
fyr2 =0 (C.111)
m =0 (C.112)

004100000000000000000
00060000000006;+7<6<3—6,0
0p>%5— 0,00 60, +7 <65 <3 —6,000

000 60000000000000000000000000000000O0OO 70000000 210
00 (C.90(C29)MO0000000 16000 (C.85)0(C.100)0000000 40

fz0=0 (C.113)
fyo2 =0 (C.114)
fyr2=0 (C.115)
fim =0 (C.116)

00410000000000000000O0

0p<0o<%3—6,000,+7<0s<3—6,000
000006000000000000000000007000000021000 (C.2)0(C.4)0(C.12)0
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(C29Y 0000000 16000 (C.85)0(C.100)0 000000 40

Jyo2 =0 (C.117)
fyr2=0 (C.118)
Gm — Ooan sin(by 4+ ) — 62ay, cos(By + m) — Go(£y + £;) sin(B — g) — 02(Ly, + £1) cos(B — g) =0 (C.119)
iim + Goan, cos(By + ) — 62ap, sin(0y + ) + G (L + £¢) cos(6 — g) — 2(Lp + ) sin(6 — g) =0 (C.120)

oo4100000000000000000

0o >%—06,00 05=0,+m 3 —0,000
000 60000000000000000000000000000000070000000000000
021000 (C.90(C.26)0(C.30)0(C.33) 00000000 16000 (C.85)0(C.10000000000 40

fs =0 (C.121)
Jzo =10 (C.122)
fyo2 =0 (C.123)
i = 0 (C.124)
004100000000000000000
000000000000 0000000000000
o .
M@®) |f| =c0,0)+ Br (C.125)
C
0=1[00 0. 05 05 01 05 05" (C.126)
f:[fa:O fyO fy02 fwl fyl fa;2 fy2 f:v?) fy3
T
Joa fya Jos fys Jes Sys Sor fyr fyr2 ] (C.127)
c=[%0 §o ¥ 1 F2 G2 ¥z s
Fa G Bs U5 Fo P Fm Gm | (C.128)
T=[n T T3 T4 T5 TG]T (C.129)

00000000M € RO C e RM"OB e R"*S00000 (C.125)0 9060 7-0000000006 0
6

fl =M(@6)"'C(0,6)+M(0) ‘Bt (C.130)

oooooooo

Cbh5 0000

0O000000000o0000o0 6000 W8OOOOOOODODODO 1I6000400000000000000
oodoe000O00ODOOODOOOODOOO

000 00000000006, <6 <Z—6,0

TOKYO TIECH Department of Mechanical Sciences and Engineering.
Tokyo Institute of Technology



OCOOoooooooooooon 65

0 <6o<5—6,000>3 —6,000
00000000000000000600000000000000000007000000021000
(C.2)0(C.4)0(C.12)0(C.26)0 (C.34)0 (C.36) D 0000000 16000 (C.69)0(C.84) 0000000 3

0
Jar =0 (C.131)
Jyo2 =0 (C.132)
Jyr2=0 (C.133)

0jo40000000000000D000DOO

0, <6o<3—0,000,+7<0<3 6,000
000 0060000000000000000000 70000000 21000 (C.2)0(C.4)0(C.12)0
(C.29) 0000000 16000 (C.69)0(C.84) 0000000 20

fyo2 =0 (C.134)
Jyr2 =10 (C.135)

00390000000000000000000O0DO0OOOO0O0O0O0O0

0o=0,,%—0,00 >3 —¢,000
000 00000000000 6000000000000000000700000000000000 20

000 (C.5)0(C.6)0(C.12)0(C.26)0(C.34)0(C.36)II 0000000 16000 (C.69)0(C.84)00000
0020

Jar =0 (C.136)
Jyr2=0 (C.137)

g0390ooboooooooobooooboobobuobooooooo

00060000000006;+7<6<3—6,0

0p>75— 0,00 60, +7<bs<3—6,000
000 600000000000000000000000000000000 7000000021000
(C.9)0(C29) 0000000 16000 (C.85)0(C.10000000000 30

feo =10 (C.138)
fyo2 =0 (C.139)
fyr2 =0 (C.140)

00 40000000000000000O0O00

0, <0 <Z—0,00 6, +m<0s<3—6,000
0000060000000 0000000ON00N0OD 70000000 210000 (C.2)d(C.4)0(C.12)0
(C29 00000000 16000 (C.85)0(C.100)0 000000 20

Jyo2 =0 (C.141)
fyr2 =10 (C.142)

Department of Mechanical Sciences and Engineering.
Tokyo Institute of Technology




65 0O COO0oOoDpoooooooooo

0039000000000000000000O0O0O0O0O0O0O0O0O0OOAO

0o>2—06,0005=0,+m32 —0,000
000600000000000000000000000000000700000000000000 20
000 (€.9)0(C.26)0(C.30)0(C.3)M 0000000 16000 (C.85)0(C.100)0000000 20

feo =10 (C.143)
fyo2 =0 (C.144)

go0390boboboooooooboobooboobobuoboooooooo

ooboooooooooboocooboboooboooooo

BI(6) } =CI1(6,6,0) (C.145)

C
0=1[00 0. 02 05 04 05 6] (C.146)
F=11lew foo for fn for fi2 fauz [fy3

fea fya fus fys Jue  fye  far fy7]T (C.147)
c=1[ &0 Go ¥ 1 d2 G2 E3 U3

BooGa @5 G5 @6 o Em m | (C.148)
T=[n T o™ T 75 T (C.149)

00000000BI € RO000 € RRY0CTIe R 000 ¢R® 00000 (C.125)0 00606000
00000070
-

f| = BI(6)*CI(0,0,6) (C.150)
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