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Fig. 1.1 Arm structure of human
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Link

Muscle 1 Muscle 2 Y, Muscle 1

Muscle 2

Fig. 2.1 Pulley model

Muscle 1 Muscle 2 Muscle 1 Muscle 2

Fig. 2.2 Non-pulley model
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Muscle
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Rotation R/ Rotation

center

i i

R center

Fig. 2.3 Moment arm of human
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End-point

QX=X yI'

Fig. 2.4 Two-link musculoskeletal system with six muscles
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Fig240000000000000000000q(t)eR 000000000
6(t)=1[6, 6.]"000000000000

\/(hl + aj cos By — sysinb)? + (dy — aq sin 6y — s cosb)?
\/(hQ — ag cos bt — sysinby)? + (dy — agsinfy + so cosbq)
V/ (hs + az cos Oy — s3sin )2 + (d3 — agsiny — s3 cos Oy)
\/(h4 — a4 cos by — s48inby)? + (dy — aysin Oy + s4 cos )2

2

[\

q(t) = [{ul + Ly cos by + ugcos (6 + 0) — bysin (0; + 02)}2 (2.1)
+{b1 — Ly sinf; — ugsin (6; + 03) — bz cos (61 + 02)}2} 12
[{UQ — Ly cos 0y 4 uy cos (01 + 605) + bysin (61 + 65)}
| + {bg — L1 sin 91 =+ Uy sin (01 + 92) — b4 COS (81 + 02)}2} 12
0000L,00001000060b0d,0hk0s;0u; (j=1, ..., 4) O Fig. 2.4

O00000O0O0O0O0OoDO (2n)o0D0ODDODOOt00D0ODODODODOOOOODOODO
Oqt)eRODODOODOOODOO é(t)ERZDDDDDDDDDDDD

q(t) = -WT(6(1))6(t) (2:2)

O000OW(@(t) eR>*0000000000000000O00O0OOOOOOO
gogbooodg

W(o() =~ o (23)

000000000000 7eR?0O0000000aeR 000000000
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r=W(O())a (2.4)

000000000 wW(@(t)Dooooooooooooooooooooooo
00000 ~-00000000000000 @@=, ..., a)?00000000
goooo

o =WHO)T + (Is — WHOE)W(0(1)) ke (2.5)
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0000I e R>000000k, €eROODOOOOOOOO0O00OWT(0(t)) €
RO2000000 W(e()00O0000000000000000000

WH(O(t) = WH(0(1)(W(0(1)) W (8(t))) (2.6)

0 (250000000000 W(e(#)0000000000000000000
00 -0000000000000 v(@(t)=[v, ..., v"€eREODDODODO (2.5)
0000000000 v(6(t)) 0

w(8(1)) = (I — W (0(1) W (0(1))) ke (2.7)
gooooooooodgn
T =W(O)v®) =0 (2.8)
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o (i=1, ..., 6)0000000000D00COO0O0O0O0OOODOOOOOOO0
(07 if 04220 .
“ {()ﬁ w<o ) (29)

23 UO0Ubotubootdboodnd

000000000000000 () eR2000000000 6(t) = [0, 6] €
R20000000O00O000

Ly costy + Lacos (6, + 09)

2.10
Ll sin 91 + L2 sin (91 + 92) ( )

ﬂﬂZ[

0000L, (n=1,2 0000000000000 (210)000000+¢0000
00000000000 #(¢)eR?200000000006()eR20000000
ooooo

&(t) = J(0(1))0(t) (2.11)
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000000000000 +eR?00000000 fFeR?2000000000
gboobooboobon

T=J(O@1)f (2.12)

00000 (270(2.12)0 (25)00000000000000 «0DODOOOOO
Of0000000ODOODOO

a=Jt)f+v(8() (2.13)

000000 Jt) O

J(t)=WHe@r)JT(6)) (2.14)
godododooougnooboooobooognooooobnboobooooo 3(t)
godoooddoooodooooodnoooodnoboodgnoooooog
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Table 2.1 Estimation parameters of mass
n Aon, Ay, Aoy,
1] —0.36785 1.15588 0.02712
2 | —0.43807 2.22923 0.01397

Table 2.2 Estimation parameters of the moment of inertia
n Bon Bin Bay,
1| —317.679 1007.85 1.85249
2 | —145.867 562.219 0.10995

Table 2.3 Parameters of human
Length of upper arm L; [m] | 0.315

Length of forearm Ly [m] 0.234
Weight w [kg] 62

0000000000000000000m, (n=1,2) kg 000000 (2.15)
0000000007, (n=1, 2) [kgem? 000000 (2.16)0000

my, = AOn + AlnLn + Aznw (TL = 1, 2) (215)

0000L,0000000000000000w0000000000 Ay,O B,
(k=1,2, 3 0000000000000000000000000000000
0000000 [36)00000 Table 2.10Table 22000000 00 0 O Table 2.3
00000000000000000000000000000000000000
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(213) 00000 fO00OO0DOODOOOOODOOOOOOOOOOOODOODOOODOO

a=—J()K, (2(t) — za) +v(6(t)) (3.1)
D000K,0000000000000000000(3.1)0000000000
000000

T = ~W(0(t)J (1) Ky ((t) — za) + W(O(1)v(8(1)) (3.2)

0 (28)0000 (3.1)00000000 »(6()0000000000000007
000000000000000w(A(t)0000000000000a00000
0000000000000000000000000000000000

KinoO [14]000000 »(0(+))00000000000000000 v(6,)0
0000000000000000000000000000000000000
0000000000000000000000000000000000000
00000000000000000000v(0,)000000000000000
00000000000000000000000000000000000000
0000000000000000000000000000000000000
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d Feedforward \/(ud) ® Musculoskeletal X(t)
controller arm

Fig. 3.1 Block diagram of the musculoskeletal system using muscular internal force
feedforward controller

00000000000k eROODODODO0OOODOOOOOO v(@,)000000
oobooboobooooooobD ke ODOODODDOOODOOObOOODOODDO
0000000000000000gooooooooooooooooooOO (3]

0000000000 ke=lke, ..., k)T 00000000
T
kezyln,LQ10,uxLa10] (3.4)
00004>00000000000 (34)00000000000%k;(G=1, ..., 6)
01.000000~0000000000000000000C0000O000000
000000000 v(8,) = [va, ..., v "00000000000000 v(60y)
OD0000000 «0000000000000000000wg (i=1, ..., 6)

o >000000000~y000000

0(33) 0000000 Is000000000000 W(0,) 000000000
000000 k. 0000000000000 000O0O00O0O0OD0OO0OOD v(e,0O
ggbbobuoooobbuoooobboooobbbuooobbobooooboo
O000w(0,) 0000000000 00ooog

Fig. 3100000 booobooobooboooboobooobooboon
gbobobodbbobboooboobboobboobobbuob e,00000
0000000000000t w(e,) 0000000000 O0DooooOoOooooo
0000000000000 0dwe,) 0000000000 0DOOOO0OOoo
ggbbobuoooobobuoooobbboooobbobuoooobbooooboo
ggbbobuoooobbooooboboboood



U3l bODbhbuoooobboooobbbdo 22

3.2 0UOO0OOO

0000000000000 000000000w(A,)00000000000
06(t)=6,0000000 (2800000 w(A,)000000 70000000

T = W(0,)v(8,) =0 (3.5)
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T=W($)w(0) #0 o T=W()(8s) =0 (3.6)
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P = (q(8(t)) — q(64))" v(64) (3.7)
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Muscle 1
y

Fixed point

Fig. 3.2 One-link system
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a(6(t)) = v/ (h+ LcosO(t))2 + (d — Lsinf(t))?

V(b= Leost())? + (d — Lsin6(t))? (38)
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o =WHOt)T + o) (3.9)

v(0(t)) = (I = WH(0()) W (6(1))) ke (3.10)
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Fig. 3.3 One-link musculoskeletal-like system with two wires
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~ | =L (h — Lcosf(t)) sin 9@)6]1‘_ L(d— Lsinf(t))cos6(t) (3.11)

q2

3.3.2 U000
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Table 3.1 Muscular arrangement
A B

dmm] 20 0
h [mm] 50 50

(@ t=00s (b)t=0:2s (c)t=04s (dt=06s

(e)t=038s f)t=10s (gt=12s (hyt=14s

() t=16s () t=18s (K)t=2:0s

Fig. 3.4 Experimental results (muscular arrangement A)
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(@t=00s (b)t=02s (c)t=04s

(dt=06s (e)t=038s f)t=1.0s

Fig. 3.5 Experimental results (muscular arrangement B)
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Fig. 3.6 Potential fields generated by the muscular internal force balancing at the
desired angle (muscular arrangement A)
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Fig. 3.7 Potential fields generated by the muscular internal force balancing at the
desired angle (muscular arrangement B)
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Table 3.2 Muscular arrangement with the offset
Ji 1 2 3 4

a; mm] 157 157 157 157
bj [mm] 3 3 3 3
dj [mm] 2 2 2 2
h; [mm] 20 20 20 20
s; ([mm| 4 4 4 4
w;j mm|] 28 28 28 28

Table 3.3 Muscular arrangement without the offset
1 2 3 4
a; [mm| 157 157 157 157
bj [mm] 0 0 0 0
d; [mm|] 0 0 0 0
h; [mm] 20 20 20 20
s; [mm] 4 4 4 4
w; [mm] 28 28 28 28

.
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"X Fig. 3.9 Potential field of two-link six—
muscle musculoskeletal arm model with
the offset

Fig. 3.8 Two-link six-muscle muscu-
loskeletal arm model with the offset

"X Fig. 3.11 Potential field of two-link six—
muscle musculoskeletal arm model with-

Fig. 3.10 Two-link six-muscle muscu- out the offset

loskeletal arm model without the offset
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ggbbbuoooobbooooobobo

P<q(t)7 q,, v(ed)) Z 0 (314)
P(q(t), g4, v(64)) <0 (3.15)
P=0&{q(t) = q4 q(t) =0} (3.16)
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u
Feedforward| f
controller
u +
Xyl + Feedback | b+ ¥ ® [Musculoskeletal X(t)
_ controller ~ arm

X (t-T), X (t-T)

Delay

Fig. 4.1 Block diagram of the overall system including the proposed controller and
a time delay of sensory information

4.1 0OO0O0OOO

0000000000000000 a= [, ..., ag)f € RSO OFig. 4100
00000000000000000000w;eR 0000000000000
Dwuw,eRO0D0D0000000O00O0OOO0O0O0O0OOOOOOOOOOOOO
00000000000000000000000000000000000000
000000000000000000000000000000PDOOOOOO
00000000000000000000000000000000000000
0000000000000000000000 [38]0

O = Uy + uy (41)

gboobobboboobooboobobboboboobooboobobb
o (1=1, ..., 6)00000000000000000C0OOOOOOOOOOO0O

a; if a; 2 0 .
Q; = . (2
{ 0 if a; <0

I
—_

. ..., 6) (4.2)
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d Feedforward f Musculoskeletal X (t)
controller arm

Fig. 4.2 Block diagram of the musculoskeletal system using muscular internal force
feedforward controller
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X d * Feedback u b Musculoskeletal X (t)
_ controller arm

X (t-T), X (t-T)

Delay

Fig. 4.3 Block diagram of the musculoskeletal system using PD controller
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4.1.2 0O0O0OO0OOOOOOOO

0000000000000 000000 PDOOOODOOOOOOODODOO [38]0

w, = —J(t —T){KpAx(t — T) + Kya(t — T)} (4.5)
Ax(t—-T)=x(t—-T) — x4 (4.6)
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4.2 UUOOUOOOUOOoOOog

googgoboboooobobbooooboboboooobbbooon

M(O()8(t) + C(8(t),0(1)0(t) + DO(t) = W(O(t))ax (4.7)
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000000 &) eR?0000006(t) eR?0000 (211)000000000
000000000000000000
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(4.10)

0000M,(t) € R*20C,(t) € R*20 D, (t) e R»*20000000000000
0000000000000000000000000000000 (490000
00000000000000000000000000000000000 [23]0

001 0000000000000 M,(t)ODODDOODOOO JOOoOOOOoOOoOoO
gobbobuoooobobobbboooobbooan

Amin [Mz(t)] Io < My (t) < Amax [Meg ()] I

0000 A ]0000000000M e ]00000000001, € R>?
0o000o00o0on

002 M,(t)—2C,(1)0000000000

003 0000000000000 D,(t)00O0DDO0O0OO J)DO0DOOOoOOooo
gogbobuogooboobbboooobboan

)\min [Dw(tﬂ I2 S Dw<t> S )\max [Dw<t>] I2

000000000000 (4900000 (4.1)04.3)04.5 00000000
0000000000000000000000000

M, (1)&(t) = — (Ca(t) + Da(t)) &(t) + f(t)
—Qt,t —T){KpAx(t —T)+ Kyx(t —T)} (4.11)

ogooo
(4.12)

goon
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4.3 U0O0O0OOOOOOOOO

000000000000000000000000000000000000
00000000000000000000000 (4000000000000
0000000000000000PDOOOOOOOOOOOOOOOOOOO
0000000000000000000000000000000000000
0000000000000000000000000000000000000
00000000000000000000000000

0000Lyapunov 000 00000000000000000O0O0 Lyapunov-
Razumikhin 0 0 0 [39,40] 0 00000000000000000000 Ax(t)O
D000 &) 00¢t—oco00000002,00000000000000000
0000000000000000000000000000000 40000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
00000000

0 00 Lyapunov-Razumikhin 0 0 00000000000 O0ROO000000ORT
000000000 00R"0,0000000C(e, b, RH)OOO [a, 00 R"
0000000000000

00O 1. Lyapunov-Razumikhin
z(t) = f(t,x(t+0)) (4.13)

O000f:RxC—-R"ORx(COOODOO)O0DR"O0O00000O0O0OO0OOOO0O
O00wdvDw: RY =RTO000000000s—o00c000 u(s) —oco000O0O
0(413)00000000000000000V: RxR*—-ROOOOOO0OO
Op: RT -RTOOOOO0O H>000000

w(llz@) <V, z(t) <v(z@®)]), teR, =()ecR" (4.14)
0oo

V(it+0, z(t+0) <V(t, =(t)) (0€]-r 0]) (4.15)
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gogboood

V(t, z(t)) OV(t, x(t))

>
e+ 0)) > B, SO S

[t 2t +0)) < —w(|z()]) (4.16)

000000000 4.13)000ooooooooooo

Lyapunov 00 000000000000 0OOODODOOOO Lyapunov - Razu-
mikhinOO00O0O000000000O000000000O0

00 1.00000000 V(#)DO000000 YO
Y(t):= sup V(t+7) (4.17)
ﬂE[*T,O]
000000000 (4.11)000000000000000000000O0 V(¢) <
Y()0DOoDo

Vit, ) <0 (4.18)

D000Ax(t) —00&(t) - 0(t—>o00) 000000000000000OOOCO
D00V =Y@#)000000000000000000 Ae@)D0&() 0000
000

gd . ggbuoooobbodooooboo

V(t) = %zT(t)Q(t)z(t) (4.19)
Y(t) = ?up ]V(t+ﬁ) (4.20)
Be[-T, 0

goon

(4.21)
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00000, e R*20000000000000 (4900000000000
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00 K,0000000000000Q(#)000000000000000000
V)000OO00000000000Y(#) 0000000000 -T<#8<000
00 V(¢+4)00000000000000000000000V@#H)OY#)OOo
00000000000

V() <Y(t) (4.22)
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V() <Y(#)00O0O0OO0O00000t0000000000000000

(i) V(1) <Y(t)
(i) V(t) = Y(t)
(i) V() <Y(#)DDOO

D0 VHOY@#)DO V@) <Y@#)DODOD0OD00000 Y 000000000 o
00000

e T[§J00V({-T)000000D0
e 000 -T<#<00V(#OOODOODOODOOO

V() <Y(#)DDODOOD0DO00000 V(O Y(#) 000000 Fig. 440000 Fig.
44000000000 V@#OOO0D0000Y((#)000000000000000
00000000000000000000

OO0OFig 44(a)00000¢ <t<t,000000000000 -T<B<0
00000V OO0D00000T[s00V(E-T)0000000000Y@#)O7T
|00V@¢-T)00000000000000V(#HO000¢000000000
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V(1)

. : . "
t-T t, t-T t, U tT t-T t t

1 3 4

(a) Relationship between V (t) and Y (t) for (b) Relationship between V (t) and Y (t) for
closed range t; <t <t, closed range tz3 <t <ty

Fig. 4.4 Example of (1) V(t) < Y (¢)

OY@)ODOOV@HO T[S 0000000000000000Y(#)000+¢000
000000

O0OFig 44(b)00000 3 <t<,00000000t=¢t00 V(t+83) (3 €
7, 0) 00000 Vo 0000 0Y(t3) = Vo 00000000000 t3 <t < 1y
00000000000 0000

Y(t) =Vpax tE [tg, t4] (423)

0000Y(#) 0000000000000

00000V <Y(#)0O00000Y(#HOO00t0000000000000
000 (4.22) 0000000000000 V(#)O0O00000000000000
0oo

V(t) <0 (4.24)

0000000000 V(#)O LyapunovD 0000000 0OLaSalleD 00000 [23]
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V(t)

[ RS Ny, S

t-T tt-T

Fig. 4.5 Example of (2) V(t) =Y (¢t)

0oo
{A”tzo as t — 0o (4.25)
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V@) 0ooDt¢toooooooooooooo
V(t)>V(t+p), Be[-T, 0 (4.26)
0000 (4.19900000000000¢t000000000O0OOO0O0O0OOOO
V(t) = —&T(t)Dy(t)ax(t) + Az (t) Kpa(t) + 2T () R(t,t — T)z(t — T)
+ & (O () + ~&T (1) (Mw(t)—2Cw(t)> i (t) (4.27)
goog

—Qt,t-TK, —Q(tt-TK,

R(t,t—T)=
( ) O2><2 02><2

(4.28)

000000000000000 20000 4200000 o00000O000O0
0D, 0R(t,t—T)00000000000O0OD0OOOO00OO0OOOODOODOOO
000000000000 427)0000000ooooo

V(1) < = Auin [Da (O] 12 ()]|* + Amax [E] [[2()]| | Az (2)]]

s (R, = T (12017 + 2 = T + 5 (I + 1F0)]7)
(4.29)

+

N — >

0000|-|0000000000000000000
0000000 (4.26)00 (419)0000000000000000000

57— TIQU ~ T)z(t — T) < 227 (HQM)=(1) (4.30)

00Q#)0 Qt-T)000000000000000000<t<oc0c00000O
0QMHOO0D000 A (@) 000000000 A [QH)] 0O DD

Qmin = te[l()nfoo) >\min [Q(t)] (431)
Qmax ‘= sup )\max [Q(t)] (432)

t€l0, oo)
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0000000000000000000
Qmax
HZU—TNQSErfW@WQ (4.33)

000000QH)O000000000000 Q#)0000000000Qma > 00
Qua>000000002()0000000000000000000%()000
00000 Az()0000000000000000000

Iz = [l2@)]* + [|Az ()] (4.34)

0(434)0000 429000000000000000O0ODODOO

: 1

V(1) < 52 (OH (1.t~ T)3(0) + 5| 1) (1.3

goon

50 = [la 0l llz=0]] R
H, Amax [EKp)
—2Amax [ K p] H,

Hi = doin (Do) — 5 = P EOLZ DI () o)

H(t,t—-T)= € R2x2

(4.36)

2 2
H2 _ |)‘max [R<2tut B T)” (1 + %)

000000000000000000 H(t,t—T)ODDOO0OOOO0OO0ODO0OOO (4.35)
ggbobobooogboo

2o [ D ()] = 12 A [R(1, £ = T (1 o )

—/ @hin [Da(8)] = 1)° = 32 [Kp] >0 (4.37)

2 min [Da(t)] — 1=2 A pax [R(t, t — T (1 X gzz::)

1/ (2N [Da(8)] = 1) = 320 [Kp] >0 (4.38)

000 (435000

IFOI* < 2" H(t,t — T)2(1) (4.39)
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0000 V() <00000V(#)O00000000000000000 2()000
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Table 4.1 Physical parameters

Link 1 Link 2
Mass [kg] 1.678  0.95
Length [m] 0.315  0.234
Inertia moment [kgm?| 0.011  0.004
Joint viscosity [Nms/rad] 1.0 1.0

Table 4.2 Muscular arrangement

J aj [mm] b; mm] d; mm|] h; mm|] s; [mm] wu; mm]
1 157 3 2 20 4 28
2 157 3 2 20 4 28
3 157 3 2 20 4 28
4 157 3 2 20 4 28

Table 4.3 Initial and desired positions

Initial position [m|] @y = [0.2, 0.4]"
Desired position [m] x4 = [-0.2, 0.2]"

46

ggbbbuoogobobuogooobboooobbbouoobobuoooooboo
ggbbobuoogobbbooooobobooogboooo
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FF controlDOODDOOODOOOOOOODODOOODOOOODOOODOO FB controldO

Oo00oo0oooobOobobooo0oobouoboonDd FF4FB control 0 0 OO
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Table 4.4 Each gain for the simulation with high feedback gains

v Ky [ K, []
FF+FB control 700 diag(35, 35) diag(4.0, 2.0)
FB control - diag(35, 35) diag(4.0, 2.0)
0.
----- X
0.4 ‘

—Xx(FF+FB control)

0.2y NS e T A x(FB control)
3 3 HE ! Ya
-0.2¢ e _r m y(FF+FB control)
M y(FB control)

1
o
z,

End-point position [m]
o

6 9 12 15
Time [s]

o
w

Fig. 4.6 Transient responses of the end-point position when using FF+FB control
and FB control with the large time-delay (7" = 900 [ms]) and high feedback gain
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000000000000 000DO00DO00O0DO0bOO00DO0oDODOoDOObOO0Dn
000000000000 0DO000O000DO0DO00DO0bOO00D0oDODOoDLOO0ObO0O0Dn
00 FF+FB control0 FBcontrol U D OO O0OOO0OOOOOOOODOODOODOO
000 Table44000000000000000000T =900 ms|000000
OO0 FF+FB control 00O FBecontrol 0 D OO OD0OOOOOOODOOODOOO
Fig. 460000
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Table 4.5 Each gain for the simulation

v Ky [ K, []
FF+FB control 250 diag(20, 20) diag(2.5, 2.5)
FB control - diag(35, 35) diag(4.0, 2.0)

dddooooooobooobbobbobobobobtbooouognobobobobo
000000000000000000T =900 [ms|]00000O0OFB control 0O
0000000b00b00ob00ob0ob0bO0Ob0D00O0U0OUOOFF controlOO OO
ggodgoooooboboobbbbtbuddooouoooooobnbooaa
000000b0000obo0booobOooood FFcontrolODODOOOODOODOO
O00O0O0OFBceontrol OO DODOODOOODOODOODDOODOOOOOODOOODO
gogouoobbbbbbbooooodououobobbbbbboooooobboon
gooooon

OOOFF+FB control 000 0O00O0O0OOOODOOOOOOOOODOODODODOO
O000oOooooog T =50, 300, 600, 900 ms] OO OOOO0OOOOOOODO
O0D00000oooooodTable45000000000000O0DO0O0O00O0O00O0
000000000 oooooooo0oo0s% 000oooooooooooon
O000Fig. 4.7(a) 0 FF+FB control 0 0 00 00O Fig. 4.7(b) O FB control 0
ggouooobbbbbtooooooouoobobobboooobobbboboboon
T =50, 300, 600, 900 (ms] DO 0000 FF+FB control O FB control D 00 0O
Uoo0 Fig. 48~Fig. 411 0000000000000 O0O0 FF+4+FB control O
gogouooobobbobboooooouooood

Fig. 4.7~Fig. 411 000000000000000000 7T =50 ms|]O000
bbb oobob bbb uoobboobobooo
FF+FBcontrolUDODODODODODOODODODODOODOODOOODOODOODOOOOO
gogouooooobbobbboooooodouooobooobobbbooooo
O0000000OFBeontrolUOODOODOOODO0ODOOODOODOOODOOOOOOO
0000000000 T=600ms] 00000000000 O0DOODOOOOOOO
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===T=300 [ms]
----- T=600 [ms]
----- T=900 [ms]
Y
T=50 [ms]
o T=300 [ms]
ORI T T=600 [ms]
T=900 [ms]

End-point position [m]

6 12
Time [s]

(a) FF+FB control

===T=300 [ms]
----- T=600 [ms]
---- T=900 [ms]
Yq
T=50 [ms]
T=300 [ms]
T=600 [ms]
T=900 [ms]

End-point position [m]

0 3 6 9 12 15
(b) FB control

Fig. 4.7 Transient responses of the end-point with various time-delay; (a) Using
FF+FB control, (b) Using FB control
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0.6

Desired FB control Initial
point point

04 \ Yo

0.2

y-component [m]

FF+FB control

'0.2 - L L
-04 -0.2 0 0.2 0.4
X-component [m]

Fig. 4.8 Loci of the end-point position when using FF+FB control and FB control
with the time-delay 7" = 50 [ms]

0.6 ‘ ‘
Desired FF+FB control Initial
point point

0.4

E
IS
2
o 0.2
o
e
O [}
(.) [}
> '

0 ¥

*‘
' FB control
-0. ‘ ‘ ‘
-04 -0.2 0 0.2 0.4

x-component [m]

Fig. 4.9 Loci of the end-point position when using FF+FB control and FB control
with the time-delay 7" = 300 [ms]
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0.6

Desired FF+FB control Initial

point point

0.4

0.2

y-component [m]

FB control
-0.2 ‘ ‘

04 02 0 0.2 0.4
X-component [m]

Fig. 4.10 Loci of the end-point position when using FF+FB control and FB control
with the time-delay 7" = 600 [ms]

. FF+I5B control‘ .
Desired Initial

point point

0.4

y-component [m]
o
N

FB control

-0.2 ‘ ‘ ‘
-0.4 -0.2 0 0.2 0.4
X-component [m]

Fig. 4.11 Loci of the end-point position when using FF+FB control and FB control
with the time-delay 7" = 900 |ms]
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Table 4.6 Each gain for the simulation

v Ky [ K, []
FF+FB control 250 diag(20, 20) diag(2.5, 2.5)
FB control - diag(35, 35) diag(4.0, 2.0)

FF control 400 - -

4.4.2 OU00OOOOOOOOOOO

OOOOOFF+FBcontrol OO ODOOO0OO0OODOOODOODOOOOOOOFF con-
trol D00 000000000000 0O00O0ODO0ODODOODOODO0ODOOFF+FB con-
trolJ FB controlOFF controlU 000000 0O0O0OODOO0OOO0ODOODOOOODOO
O0000000O0ooOTable4d6000000000000O0O0O00O0O 5% 00
0000000000000 00O000bOO0oDO0oDOOo0bOO0o0oDOOo0oDbOo0oDbOo
0000000000 DbO00Db0oD0DbOon

E:/Of lau(t)]|dt (4.41)
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00o0oooobooobooon

O00OFig. 4.13(a) 0000000000000 0O0O0O0O0OOOOOOOOOO
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Table 4.7 Normarized values of &£ when the value of £ about FF control is 1.00

FF+FB control FB control FF control

0.63 0.15 1.00
0.6 ~ FB control -
Desired Initial
point point
0.4
E
c
2
o 0.2
o
=
(@)
(@]
>
0,
FF+FB
control
'0.2 - L L
-0.4 -0.2 0 0.2 04

x-component [m]
Fig. 4.12 Loci of the end-point position with the time-delay 7" = 50 [ms]
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(a) End-point position
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(c) Control input to the muscle

o4

Fig. 4.13 Transient responses of; (a) End-point position, (b) End-point velocity,

(¢) Control input to the muscle, with the time-delay 7" = 50 |ms]
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0000000000000 000000000000000000000 ¢(Ax)
0000000000000 00000000n(Az)0000000O0OOOOOO
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a = ((Azx)us + n(Az)u, (5.1)
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0 (4.3)00 (4500000
0(51)000000000000000000000000000000000
0000000 ¢(Az)000D0000000000 (5.1)00000000000
0D00000000000000000000 (5.1)00000000000000
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C(Azm)uy = C(Ax) |up, upa, Ups, Upg, Ufs, Ufg ' (5.2)
O000000000000000000000 ((Axz)D000D0OOOODOOOOO
0000w (e=1, ..., 6)00000000000000000000000O0O
godddoooddoooooooooooooooobobooooono pPOOOO
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((Az) =1-—n(Az) (5.3)
n(Ax) = fexp [—5 (—Hﬁ;d(i_w?”m) (5.4)
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Fig. 5.1 Relation between n(Ax) and the end-point position x(t)
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Fig. 5.2 Relation between ((Az) and the end-point position x(t)
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Fig. 5.3 Relation between n(Ax) and the end-point position x(t) at x;
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d Feedback 7 Musculoskeletal
- controller (¢ x) ~ arm
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Fig. 5.4 Block diagram of the overall system including the proposed controller
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Table 5.1 Physical parameters of the musculoskeletal arm model

Link 1 Link 2
Mass [kg] 1.678  0.95
Length [m] 0.315  0.234
Inertia moment [kgm?| 0.011  0.004
Joint viscosity [Nms/rad] 1.0 1.0

Table 5.2 Muscular arrangement
¥ 1 2 3 4

a; mm] 157 157 157 157
bj [mm] 3 3 3 3
d; [mm] 2 2 2 2
h; [mm] 20 20 20 20
s; [mm] 4 4 4 4
w; [mm] 28 28 28 28

5.2.1 0OO0OOOOOO

000000000000000000000000000000000000
0000000000000000000000 @ =/[0.0, 04 "m000000
00 zy=[-01, 0.3"m|0000000000000000000000000
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Table 5.3 Each gain for the simulation

v [ Ky [ K, [ Bl 0]

Variable gain controller 250  diag(5.0, 30) diag(3.0, 3.0) 0.9 0.2
Constant gain controller 250 diag(8.0, 8.0) diag(2.9, 2.9) - -

Table 5.4 Evaluation value of input E
Variable gain controller Constant gain controller

20273.6 111277.5

0.5- Constant gain

controller Initial point

0.4
E
503
5
% Variable gain
£02 controller
(@]
>
0.

1 . :
Desired point

02 01 0 01 02 03
X-component [m]

Fig. 5.5 Loci of the end-point position on xy-plane
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Fig. 5.6 Transient responses of the end-point position
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Fig. 5.7 Transient responses of the end-point velocity
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Constant gain controller
—_—C® eaa® = ® B ==®, .. ®

Variable gain controller
—® --=®, - ®, i ®, = =®, trre ®

P45 10 ey ———————————
E 24 :'E':":‘E!n--—--u-w-.:.-|.|.-|.|.-|.|.-|.-.--.-.-....-....-....-,
=
Q.
=
9
=
o
@)

O I .
0 0.5 1 1.5

Fig. 5.8 Comparison of the transient responses of the control input
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Fig. 5.9 Loci of the end-point position on xy-plane with external force F
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Fig. 5.10 Transient responses of the end-point position with external force
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Fig. 5.11 Comparison of the transient responses of the control input with external

force F = [5.0, 5.0]" [N]
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Fig. 5.12 Loci of the end-point position on xy-plane (compare vairable £ and con-
stant ¢)
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Fig. 5.13 Transient responses of the end-point position (compare vairable ¢ and

constant ¢)
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Fig. 5.14 Comparison of the transient responses of the control input (compare
vairable ¢ and constant ¢)
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Fig. 6.1 Relation between the muscle input uy; and the muscle output «;
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I System |
V(H) U, y X (1)
X4 _| Feedforward i Muscle |®_|Limitation |®_[Musculoskeletal——>
controller : ’—>dynamics of input arm :
| . |
| q \‘|

Fig. 6.2 Block diagram of an overall system [46]

Fig. 240000000000 6000000000000O00O0ODOO (6.1)D0O0O
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o= Pu;— P (A(u;)C +Co)q (6.4)
aooog
- . ]
a:(al, Q9, ...,Oéﬁ) cR
P = dla‘g (p17 b2, .-, pG) € RO*6
Uf = (Ufl, Ufg, RN Uf6)T - RG (6 5)
A(’U,f) = dlag (Ufl, UF2y ooy UfG) - RGXG )
C = diag (c1, ¢3, ..., cg) € R6*6
C, = diag (co1, co2, ---, Co6) € R6x6

00000000000000000000000000000000000000
000000000000000000&=(ay, ..., a)"000&@=1, ..., 6)
000000000000000000000

; if C >
—{O" S (IS RO (6.6)

0 if a; <0
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r=W(O()a (6.7)
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ggoood

Qs,0) — Q(s,a) + B {r(s.0) + AmaxQ(s', ') — Q(s,0) | (6.8)

0000r(s,e)000 s000«000000000000000¢000 s0O0
0«0000000000000¢0000000000000 QO maxQ(s,d)
0000000000000 ADD0OO0OOOO0O0OOOOOO0OOOOOOO
000000000 (68)000 QOION00000000 QU000 r(s,a)00
00000 Q0 maxQ(s,¢)0000000QODOOOOO0000OOOODO
00000 (6.8)0 QOO000 r(s,e)000 ¢ 0000 QO maxQ(s',a)000
000000000000

000000040 QO00000000000000000000<4<100
00000000 300000000000 (68)000000000000000
000000000000 ADOO #0000 QO00000O00000000O0
000000000000<A<10000000000AD0O0O0O0O0000O0
000 (68) 0000000000 #0000 Q0 maxQ(s,¢)000000000
00000000000 A0ADD0D000000QOOODOO0O0000O0OOOO
00000000 (6.8)0 Q(s,a) =00maxQ(s,¢)=00000QO0000000
0000 r(s,e)00000000000000000 r(s,)000000 QOO0
00000000000 r(s,e)000000000000000
Q0000000s0000QO00000000«000000000000
000000 s000000000 0000000 QO0 Q(s,a)=000000
000000000000000000000000000000egreedyO [47]
0000000 % 0000000000000000000000egreedy 000
% 0000 QO00000000000D000000000000 (100—e%) O
Q0O0000000000000000
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a%argamax Q(s, @)| |a~—a randomly selected action

I |
]

| A transfer of a state s' from a state s |

|

|A calculation of a reward r(s, a) |

!}
Q(s, @) -—Q(s, @) + (r(s, @)+ , max Q(s', &) - Q(s, a))

Fig. 6.3 A flowchart of ¢ learning algorithm with e-greedy strategy [46]

00 QOOD0000D00000 Fig. 630000Fig. 630000000000
cUO0OOOegreedyODOOOOO ed0O0O0OOOD c000OO0D0OODOODO sOQ
gboooooooboobDobdbUbUedbObOob0Ob0 s QUOUOOO
gogbobbbbuooogbbbbuoooobobbbbouodgdegbbbbo
oo ObOOoboooooboooooobobbooooQuoboooobooo
goooooQuboboooooooobobobooboooo

6.2.2 0U0O0OOOOO

ooooobobooooognD ke ODObOoboboo
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ke =7 [kela ke27 ke37 ke4a ke5a ke6 (69)
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0k,0000000000010000000000000000 200000
z,00000000000k,000000000000000000~0000
000000000000QO00000«0000000000ky@G=1, ---, 6)
001000000000000QO00000sO0 (69000000000 kO
000000000000000ky; (i=1, ---,6)00000100000600
00 k,000000000s00000000000000000000000
000000000000000000000(s,«)0000000000000
00000 k000000

000QO000000000000 k000000000000 r(s,a)000
000000002000 600000000000000000()000000
0000003G)00000000000000v(A,)0000000000000
000000000000 r(s,a)00 (6.10)~(6.12)0000000

r(s;a) = wary + wears (6.10)

1
[v(64)]

(6.11)

ry =

1 1
_|_
[ Ax(t)dt [ Ay(t)dt

Py = (6.12)

0000waDw, 000000 Az(t) =x(t) —xg = [Az(t), Ay(H)" 000 ¢t00
00000000000000¢+0000000000000000000000
000000000000 15000000000 6,000000000 v(6,)
00000000t =15[)00000 (6.10)~(6.12)00000 r(s,a) 0000
00000000000000000

000000000 QOO000000000000000 k00000000
0000000000 k0000000 v(6,) 00000000000 v(8,)00
000000000000000000000000000000000000C
0k 0000000 aO0000000000000000000000000C
000000000000000000000 r(s,e)0000000000000
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Table 6.1 Physical parameters of the two-link system [46]

Link 1 Link 2
Mass [kg] 1.678  0.950
Length [m] 0.315  0.234

Inertia moment [kgm?] 0.011  0.004
Joint viscosity [Nms/rad] | 1.000  1.000

Table 6.2 Muscular arrangement

j a;j [mm] b; mm] d; [mm] Ay [mm] s; [mm] w; [mm]
1 120 20 20 50 10 50
2 120 20 20 50 10 50
3 120 20 20 50 10 50
4 120 20 20 50 10 50

000 k. 000000DODOO0ODOOO0O0OOTr(s,e)000000OO0O0OO
Ub k. 0onooon

6.3 2000000000000 000O0000

ggbbboooobbbuoobbbuooobbboogbobbooooboo
gboooboboobboobuoobbuoubibrg 24000 200000000
ggbbobuoooobbuoooobbboooobbbuoobobobooooboo
gbogboobboobuoobboobbuooobbuoobbooobbuoono
0((64)000000000000D0CO00OOOO0O0O0ODOOOO0OOOOOO
O0b00b0o0DO0o0oo0oooobobboOobboOobOoOoDbOod Table 6.1~Table
c30dogoobbobobuogooobbobbbuuooooobibooin oy
oooobooooboboboboooogbo e, bo0b0ooboooooDooD e, 0b
O00000w@,) 000000000

000000000000O0Fig. 64000000000 xy=[-0.1,0.3]T [m] O
0400000000 o4 (k=1,---,4000000000000000000O0O
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Table 6.3 Learning parameters [46]

v ] 150
B[] 0.5
A 0.9
€[] 10
Number of trials [-] | 1.0 x 10°
Number of action [-] 100
tr[s] 1.5
wWep [N] 0.6
Weo [m] 0.4

Table 6.4 Values of initial and desired positions [46]

xo [m] | [-0.1, 0.3]T
zg [m] | [-0.2, 0.1]"
xag [m] | [-0.4, 0.2]T
xg3 [m] | [-0.2, 0.4]"
xgs m] | (0.1, 0.5]T

0000000000000000000 «,0000000000 kO000C
0000000000000 &, 000000000000000000 v(8,)00
0000000000000000000000000000000000000
00000000000000000 20000000 @4 (k=1,---,4)0 Table
640000000Fig 64000000000000000006(#)000000
0000000000000000000

000000000 @ =[-0.1,03T m00000000 x4 = [—0.2, 0.1]7 [m]
000000000000000000 (6.10)~(6.12)000000000000 Q
000000000000000000000000000000000000C
00 k. 000000QO000000000 Table6.30000000000 8=0.50
000 A=090egreedy 0000 ¢e=10000000 1000000000000
D000~=150000000000000000000000 Fig. 650000
Fig. 6500 000000000000005000000000000000
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y-component [m]

06 -04 -02 0 02 04 06
X-component [m]

Fig. 6.4 Initial and desired positions of the end-point [46]

—— Actual data

- - -Average data

0 50000 10000(
Number of trials [-]

Fig. 6.5 Changes in the reward of the reinforcement learning: a solid line is actual
data and a dotted line is average data of every 50 trials [46]
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Fig. 6.6 Comparison of motion behavior of the end-point between using the deter-
mined arbitrary vector by the proposed method and using the conventional arbitrary
vector [46]
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Fig. 6.7 Transient responses of control input e [46]
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Fig. 6.8 Result of each rewards [46]
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Table 6.5 Decided arbitrary vectors by the proposed method [46]
Desired position [m] ke, [-]

za | 7[0.1, 0.2, 0.8, 0.1, 1.0, 1.0]T

24 | 7[L.0, 0.1, 0.1, 1.0, 1.0, 1.0]

x4 | 70.6, 0.1, 0.5, 0.1, 1.0, 1.0]T

zq1 | Y[L.0, 1.0, 0.1, 1.0, 1.0, 1.0]"

Fig. 6.6000000Q000000000000000k, 000000000
0000000000D0000000000000000000000Fig. 6.7(e)0
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