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Summary

This dissertation describes a research on motion control based on animal musculoskeletal
structure. Especially this research focuses on musculoskeletal structure of animal arm.
Three important characteristics of animal arm: (1) antagonistic driving, (2) bi-articular
driving and (3) non-linear viscoelasticity, are introduced into robot arm and a control
method. This dissertation shows three major theme: a development of robot arm based
on musculoskeletal structure of animal arm, control method based on animal muscular
principle and extended manipulability measures applicable to arms which have complex
alignment of actuators like animal arm.

Recently many industrial robots works in advanced factory. However aging society desire
human-cooperative robots which can work in human living space for such as house work
and nursing care. Industrial robots require high-speed and precise motion in well-known
environment separated from human. However for human-cooperative robots, skillful mo-
tion in unknown environment and safety in a collision are more important. Skillful and
safe motion are advantage of animals such as human over robots. To realize human-
cooperative robots, it is necessary to introduce merits of animal structure and control
into robots. Chapter 1 describes background and purpose of research and fundamental
researches on role of animal musculoskeletal structure.

By comparison of arm model between robot and animal, animal arm has a unique
actuator, bi-articular muscle, which drives both two joints simultaneously. Bi-articular
muscle is mostly ignored in conventional robotics. However this unique structure make a
important role of animal skilful control mechanism. In this dissertation, discussions are
based on two link arm model derived from animal musculoskeletal structure. This model
consists from three antagonistic pair of six muscles. Chapter 2 discusses about models and
basic characteristics.

Chapter 3 describes development of robot arm based on animal musculoskeletal struc-
ture. As bi-articular muscles, developed robot arm has bi-articular driving mechanism
which consists from a timing belt and pulleys. Three antagonistic muscular pairs are re-
placed by three DC motors. Muscular non-linear viscoelasticity is mimicked by software
control. The motor corresponding to mono-articular muscular pair of the joint 1 connects
the base of robot arm and the link 1. The motor corresponding to mono-articular muscular
pair of the joint 2 connects the link 1 and the link 2. The bi-articular driving mechanism
connects the base and the link 2. The motor of this mechanism is placed on the base.
A torque transfer component of this mechanism is coaxially mounted on the joint 1 but
floated from the joint 1 by bearings. Motor torque is transferred to the joint 2 through
the joint 1 by the timing belt. Experimental results shows improvement of force output

characteristic at end point of the arm. Also the arm obtains redundancy. Any two of the



three motors can drive arm arbitrarily.

Chapter 4 proposes feed-forward (FF) control algorithm based on animal muscular prin-
ciple. The algorithm utilize a behavior of joint driven by antagonistic muscular pair. When
constant contractile forces are given to antagonistic muscular pair, the joint is driven to
equilibrium position. Combination of contractile forces of muscular pair controls equi-
librium position and behavior of response. Proposed controller based on antagonistic
muscular pair is robust over model disturbance in spite of FF control. Given contractile
forces can design position command and response. In this dissertation, proposed controller
is represented as equivalent block diagram contains PD controller for discussion. The algo-
rithm can be applied for two joint link arm. Moreover the case adding bi-articular muscles
is considered. Antagonistic pair of bi-articular muscles has a role to control summation
of angles of joints. Results clarify that bi-articular muscles suppress error at end point
in working space. Furthermore path tracking algorithm is also prposed and verified its
effectiveness.

In chapter 5, manipulability measures are extended to be applicable to arms which have
complex alignment of actuators like animal arm. Here, manipulability measure is ellipsoid
which represents a characteristic of transfer of physical quantity from joint space to working
space by arm posture and others. In the past, several measures have been proposed but it
can not apply to animal arm. Existing of multi-articular muscles undermine an assumption
that each joint is driven independently. Animal arm can not treated as a serial redundant
manipulator. For using conventional measures, multi-articular muscles should be ignored
or divided as actuators which generate joint torques independently. Both volume and
gradient of ellipsoid representing characteristic of external force (or distal acceleration)
become incorrect. In this research, Impedance Matching Ellipsoid (IME) is extended.
IME is an unified manipulability measure. Well-known measures, Dynamic Manipulability
Ellipsoid(DME) and Manipulating Force Ellipsoid(MFE), are typical case of IME. To
introduce matrix which represents transfer from torque of actuators to joint torque, the
extended measures solve problems. Especially in the case of MFE, extended measure are
verified by experiments. Advantage of existing bi-articular muscle is indicated by analysis
changing conditions. Furthermore, extended measures is applied in case studies.

Finally, chapter 6 describes conclusion and future vision. Proposed robot arm mimics
animal musculoskeletal structure by simple mechanism and obtains animal advantages.
Adding bi-articular driving mechanism, robot arm obtains advantages of output and re-
liability than enlargement or duplication of motors which drives one joint. Proposed FF
control algorithm based on muscular principle is useful and bi-articular muscles help it. To
introduce animal musculoskeletal structure, robot can be controlled more easily. Extended
measures enables efficient design of arms based on animal structure. This dissertation clar-

ified principles of motion control based on animal musculoskeletal structure.
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Total length 500mm
Total mass of link 1 0.72kg
Total Length of link 1 between joint 1 and 2 165mm
Total mass of link 2 0.27kg

Total length of link 2 between joint 2 and center of force sensor | 185mm

Moment of inertia of joint 1 0.034kg-m?
Moment of inertia of joint 2 0.0058kg-m?
Torque coefficient 0.20Nm/A
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Length of L1 340 mm

Length of L2 300 mm

Digital IO Board Interface PCI-2130CM

AD/DA Board Interface PCI-3523A
hline Counter Board | Interface PCI-6205C

Motors MAXON RE-30
Motor Driver Zuco MRT07-0004
Encoders MAXON MR Type L
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0000K, = diag(K,1,K,,) 000 RIDR20000 PDOOO0O0O0O0O0OOO0K, =
diag(Ka1, K) 0000000000000000000000000000000 J,=
diag(Ju1, Je) 00000000000 O000000000 k,0000Q0 100000
0000000000000000 ¢, 0000Tg4,000000000000007%s
0000000000000000000000O4y = diag(is,ip) 00000000
0000000000000 000000000000000000000000000
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000 (430)000000000000000000OOO0
O000000000000000006,,J;00 (446)000000000000

03 = 0, + 0,
Jy = Jy+ Jy (4.46)

0414000000000000000O000O000ODO
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BESEASAONRRIC, FEREGEIRE
L ﬁ@]tﬂﬂ")tﬂj—o

EHEREEBONHEAIITIENDARZE

HET S (RETILTIXL)

EREOEFNFBEELD LI
ERERNDUUE N DFERE

HYEWMIE(ROPRER)ISEMNILIIS
SRR DI DEERE

BOHLNMIIEE LD SN ZE
BYEREE S 28T 5.

Lz R AAL. E T BRYEL
RETBHT HESIZT —LHBEEND,

U414 00000000000 bO0bObOO0bO0obOo0nbd

044 0000000000000000O000O00O00DODO0ODOO

Lo| 06[m] | i 0.6[m]
lgr | 0.3[m] | lgs 0.3[m]
mi | 2.5[ke] || mo 1.0[ke]
ro | 0dm] | 0.1m]
k | 3.3N/m] | b | 5.0[NOs/m]

4.4.2 O00O0O0OOOOOOOOOOOO

gboboobobobooboboboboobobobobbooboboobobd
O00000000000D0D0D 448)00000000000000DOODOODOOOO
gobgbob44000000000000e=1000000000 400000000

(xags)2+_(ya§6)2:1 (4.48)

000000000000000000000000000000000000000
00000000000000000000000000000 (04.150000m, =
2.5,m,=10kg 00000000000000000000000O0O000000O0
0000000000000000000000000000000000000000
0000000000000000000000000000000004.160 (A)OO
0000 (A)D00000000000O0 O000000000000000000
000000000000000000000 (B)000OO(A)D (B)0OOO0O0OOO
0000000000000000000000000000000000000000
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environmen}

9» Proposed | % | muscuar " Robot . 0
Algorithm Viscoelasticity Arm T’

gLy (WENEFFTRFHRIRRFHE)

(A)ZHBL
T Jjnt

environment
jnt 0
Recorded T . Robot
Torques Arm

U415 00000000000 0b0000o0bobooooooboboooobooboon

00000000000000000000 11000 my =275,ms =11k 0000
0D000000000000000000000000000000000000000
000000000000000000 (C),(D)000000000000000000
D000000000000000000000000000000000000000
000000000000000000

D000000000000000000000000000000000000000
000000000000000000000000000000 my =2.5,my =1.0kg
000000000000000000000000000000000000000
00000010 (my = 25,ms = 1.0kg)0040 (my = 1.0,my = 0.4[kg])0 1.4 0
(m1 =3.5,my = 1.4kg))020 (my = 5.0,ms = 2.0(kg))0 100 (my = 25.0, my = 10.0[kg])
00000000200000000000 (my=25m,=25keg)000000000
41700000000000040,140000000000000000000000
0000000200000000000000000000000000000000
2000000000000000000000000000000000000 1000
0000000000000000000000000

0000000020000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000
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end p'oint end p'oint
expect path ------- expect path -------
1 1
£ 05 ( > £ 05 (
5 T 1 B e SO
0 0
-0.5 -0.5
-0.5 0 0.5 1 -0.5 0 0.5 1
x axis(m) X axis(m)
(A)ODOOD FFOO (B)0OOODODOD FFOO
000000000000000000 my =2.5,me=1.0[kg]
rlnl=2475kg, m2:1.llkg —_— end ploint
expect path ------- expect path -------
m1=5.0kg, m2=2.0kg --------
m1=25.0kg, m2=10.0kg
1 1
£ 05 £ 05 ( R
§ % \t]—)
0 0
-0.5 -0.5
-0.5 0 0.5 1 -0.5 0 0.5 1
x axis(m) X axis(m)
(C) FF of contractile forces (D) FF of recorded torques

00000000000000 (my=25,my=1.0kg)0 1.10

O 4.16: 0000 FFOOOOODOOODO FFOOODOOODO
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y axis(m)

y axis(m)

y axis(m)

0.5

-0.5

0.5

-0.5

0.5

-0.5

my = 5.0, my = 2.0[kg]

end p;oint
expect path -
3
>
-0.5 0 0.5 1
X axis(m)
my = 25, mo = 10[kg]
end ﬁoint
expect path
R N . X7
3
>
-0.5 0 0.5 1
X axis(m)
my = 35, meo — 14[kg]
end ﬁoint
expect path -
M\\
3
>
-0.5 0 0.5 1
X axis(m)

0.5

-0.5

0.5

-0.5

0.5

-0.5

end p‘oint
expect path

-0.5

0

0.5 1
X axis(m)

my = ].0, mo = 04[kg]

end p‘oint
expect path

-0.5 0 0.5 1
X axis(m)

my = 2.5, my = 2.5[kg]

end p‘oint
expect path

-0.5

0

0.5 1
X axis(m)

my = 25.0,mge = 10.0[kg]

U417 0dobboboooobobbooooobboooobon
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5.1 U0OUOOOOOOOOOOOOOONO

98000001 bbbooooobooooobbooon
ooboobooboobuooboooboboobooboobooboooDoooDbooo
O000000bO00o00ooob0ooob0oooOobOoooDoooDoboooDoboooo
oodoboboooboboboooboobbooobobooooobOoboooooboooo
O00000000000000 (Dynamic Manipulability Ellipsoid: DME) OO O OO O
O000000000000000000000000000000000 (Manipulability
Force Ellipsoid: MFE) O OO OO0OO00O00OOO [30][58]p9)60)0 0000000000
O000000000000000000000000000000 (Impedance Matching
Ellipsoid: IME)D OO OOO0OOOO0OO 6000000000000 O0O0OO0OOO0O
oooboboooboboboobobooobooobobobooobobooobooboonoo
O0O0000OO0OO0OOODMEMFED IMEOODOODODOODOODOOOOOOODOOO

oooboboooboobobooobooboboooboboboooboboboDoobog
OO000O00O0o0o00obO0obOoooobOoboobooooDoobOoooooobOooon
ooobobooobOoooobboooboboooobobobooobobOoDoobo
O000o0oooooboobobOoooobOooDooooboooobooooooon
00510000000000000000000Y = [y,ve,...,4,)/00000000
00000 Z =[z,2,...,2,)/ 000000 (5.1)0000000000000000O0
ooooo

Z=g\(Y) (5.1)

gboboodgboobugobbbodoogadgsrioboooboooooboboood
gbouobobobooboboobobobooobooboboobobobod
goboobodgo

gobooobooobbooobuoobbooobboobbooboooboon
gbboggbbooobboobobbooobbuooobuooobbuooobboon
gobodboogobooboboobbuoobobooobooobbooobboooboD
gbbogbogbbuooobuodgbbuoobbooobooobbuoooboogobn
goboboooobbbooobboboooobbbuooobboboooobobo
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yzlk Z54
Y1 ~1 Z
Z=g (Y)
3] &7 Z2 i 3
O 5.1: 0d000o0gogodg
051: 000000000
g godo gogdno RN oooooog goo
godo gogdno god god
IME god godogoood RN g gogdno
MFE god godogoogno o0 - -
DME gono ogogooo 0 Oogd -
dododog |ogodg gogdno - - -

gbob-ggobbbodoogobobbooodabo
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]MOIOV

TWIOIO}"

]loaa’

goo goboooog

U s2000000bbobuoooobood

5.2 UUOU0OOOOOOODOOOOOOOO

5.2.1 UUOOOOOOOooLoOboboOon

000000000000000000000000000000000 [™terggn
00000000 [000000000ooo7™er000000ononoongén
gbbuogbobobodgbuoobuooobboobooobbuoooboobbooobn
gbbuogobboodgbbuoooboobboobbuooboboooobooobobobon
0000 T™O000000000000 FPOO0O000O00O0O0O0O0OOOOOOO
gbobboooobbbuoooobbboogoooboood

5.2.2 UU0OO0OOUOOoOoOOUoObUboogo

000000000000000000 6000000000000 X00000
000 (5.2)00 (5.3)00 (540000000000 J,,0000000000

XeP = f(0) (5.2)
. 0 . .
X = — = Jaco .

L e
XP = Juwoh + Jacoh (5.4)

gbobodobboodgbbooobbuooobbuoogbboobbooobbooob
000000000000000 () 00000ODOO0ODooon

Timt = M(0)6 + C(0, 0) + G(6) + Jaoo! FP (5.5)

D0007T™00000000M(A)00000000000000C(A,9)00000
D0GM)OO0O000F»000000000000
00000000000000(56) 00000000000

Fer = MY (XeP 4 §) (5.6)
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000 Xe,0OOOOO0OO0gOO0OO0O0OO00O0OM, 00000000000 (b.4H)00 (5.5)0
O(Ge6)I000O0O0O0D0D00OO (Bb.7)DOODOOODODODODODOODOOO

= QO)F - FYe
Q(e) = aco + -2\4(H)Ja,co-'.-l\Ipi1
Fb98 = (Jooo' + M(0)Jgco My 1)'
X [M(6)Jaco' (g + J(6)8) — C(g,0) — G(6)] (5.7)

000 FYes00000000D000O0O0D0O00O0O0DOOODOO0OOOOOOOOOOf
00000000000 00ooooooo T»t00 (b.8)D000oo0o0oO

Tg'n,t L'Lmzt 1Tgnt (58)
Limit0Q (5.9)0000000000000

Limit = diag(L™ L™, ... L) (5.9)

ant! pint < | (5.10)
0000 (5.10)00000000000000000 (5.7)(5.8)(5.10) 000 (511)000
0000000000000000000000 [61]0

(Fep _ Fbias)TQT(Limit)fQQ(Fep _ Fbias) S 1 (511)

MFEOO DMEO IMEOOOOOOOOO0OO0OO0OOO0OO0O0O (§=0)000
0000000 (G(0)=0g=00000000000M,=0000 (5.11)0 DMED
D00000M,=cc00 MFEOOODOOOOMFEO DMEOO (5.12)000 (5.13) 0
0oo

FePl J oo L™ 720, 0t FoP < 1 (5.12)

Xer' (M (p)Jaco ) (L)~ 2(M (8) Jucoh) X'eP < 1 (5.13)

5.23 UUOLOUOOOOLObLbUOooobbbouooooobn

gboobooboobboobboobuooboobooboobbooboobod
gboobobi13ggboobgoboobobbooboobuooboobobbobon
gbobobobobooboboboooobobobooboboooobobon
ooobobooboboboobobooboooboboobooobobooboobobLoon
gbobooboboobouooboboobooboboobobobobobbobobob
gboboooobobooboboooobobobobobobooooobobLon
gbobobdoboboobobgoboboobobobooboboobobobod
000000 (05300)00000000000000O0OODOODOOOODODODOOOO
gbooobbooobboobbbooobobooobbooos3buooobbuon
gboobobooboobooboobobboboobooboon

00000000000000 A%"00000000000000000000000
000000000000 (5.14) 0000

]nt AlngTmsl (514)
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incircle eIIip'se "incircle eIIip'se
area of torque --—--—--- area of torque -
T / \ T
Z, Z,
N N
o4 [
© kS
() ()
> >
=) g
o o
= \\ J =
Torque at R1[Nm] Torque at R1[Nm]
without bi-articular muscles with bi-articular muscles

gs3:gbuobobobobbobboobooboon

000 Tt = [Ty, 73", 7000 T™st = [T, sl Tms) 0 0 0 0 Alen
0 (515 000000000m0000000000000000000000000
0oo00a,,000000000000000000000000000000000
00000000000000

a1 Aa21 ... Qg1

. 1,2 d22 ... Q4npl
Alzgn — (515)

(an (12771 - Qmn

A0 0000000000000000 (5.14)000000000000000000
O000000DOD0O0O00O0OC00O0OO0O0O0O (b9Uoooooo (h.le)Doooogo

Lot = diag(Lo, L3, ..., Lot (5.16)
000000000000 0000O000D000000 (17)D0D0O0D0DO0OODOOOO
,i:g:%t _ comp(LactAlign)TTjnt (517>

000 eomp 00000000000 000O00O00O (5.18)000000000000
gbbbooodgbobboooobbbooodgobooo

pantlpant < (5.18)

act act

000000 (5.12)(5.13)(5.11)0 30 00000000000000000000000O
0oooo
00000 MFE:
F"JacoFatendJaco F < 1 (5.19)
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00000 DME:
X" (M(0)Taco))" Eutend M(6) Juco) X < 1 (5.20)
00000 IME:
(Fep — FYas)TQTE 0 ndQ(FeP — Fbias) < 1 (5.21)
D000Emeng0 00000000000

E tend= Cimp(L“CtAlign)TT(LactAzign)T

5.24 0O0O0OOLOO0O0OOOOOLOOOOOOOOOOOOO

000000000000000000000000000000000000000
000000000 (LAY Q0000000000 00y,0,..,0, 00000
000000D0000000000 (522)000000

wy, =0y oyt o) (5.22)

gobbobboooogbobbobboooogbobobbooooobbobobuooooobon
goboboooobbbooobobobboooobbbuoooobo

Wy = 07 " (5.23)
w, = 24 (5.24)
01
0 (523)000000000000000000000D0000000000000000
0(5.24)000000000000000000000000000000000 0w, O

goboboooobbboooooboo

5.2,5 UUuobogodoooob2g0bobobuoooooobod

0000 cmp000000002000000000000000000000000
0000054000000000000000000000000000000000
0000000000000000000000000000 cemd00000000
000000000000000000000 A(A)OOOBMB)000C(C)0000
00000 ¢,0000000000000000000 (3 (5.25))0

Comp — MaX ( CompA, CompB; CompC ) (5 .25 )

gooo

(LactAlign>TT(LactAlign)T _ ( €11 €21 )

€12 €22
L = diag(L{“, Ly, L§™) (5.26)

000 LY Lg*00000 RL,R2000000000O0DO00O0O0OOUOUODOOLE
000000000000000000000000000000000A%00 (5.27)

guooooooog
. 1 1
Atign— (10 (5.27)
011
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T2

C,

L
Ao

A,

054 0000000000000000 compd 00

0(526)000000000A,0B,0CO00000000000 CompasComps:Compe
0000000 (5.28),(5.29),(5.30)0 000000000000

1 461 1
CompA = : 5.28
A L5t + L4t \/4617162,2 — (e21 +e12)? ( )

1 462 2
CompB = : 5.29
PE T Lyt 4 Ly \/4617162,2 — (eg1 +€1,2)? (5:29)

Ad(er1 + €12+ €21+ €22)

CompC = 5.30
re (L4t + L§")2{4e1 1690 — (€12 + €21)%} ( )

5.3 UUUOOooooobood
5.3.1 UOUOOOOOOOOODOOO0OO

goobooooobood

do0odoooooboooogooboooognoobOooogoogoobooggoogog
oo oo oo booobono
do0dodoooo 2000000000 b0 b0 oo b b0 bbb ogoonoog
Limit — diag(

with —

11

Z.21 5.31

2727) ( )
Limit — diag(1,1) (5.32)

0000 (5.31)) 000000000 (h.32)D0000000DO0UDDODODODODODOOOO

gbbboooobbbuoooobbob
0000000000000000000 A%™ 0 Moore-Penrose 010000000

(5.33)00000
: T
Alignt — ( 3 ) (5.33)

Wl

o=
[S1] )
Wl Wl
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g s200000000004ad

my | 1.0[kg] || m2 | 0.5[kg]

MFE ellipse MFE ellipse(with) ——
4+ Output force ——— . 4L Output force(with) --------- i
MFE ellipse(without L=[T1,T2]) -
MFE ellipse(without L=[T1+T3, T2+T3])

S
e i

output forece[N]
o

output forece[N]
o

4 4
-4 2 0 2 4 -4 2 0 2 4
output forece[N] output forece[N]
without bi-articular muscles with bi-articular muscles

Os55: 0000000000 MFEODOOODOODOODO

gboboboboobooboobooboobooboos20b000b000D0
obobobooboobooboon

obooo MFEO OO

0(5.190000000000000000000000000O000O0OOODOOO0
00 (2.10),(211)0000000000000000D0000O0ODOO0O0OOOOO MFE
O000D0550000000000000006=[30°,600000000000000
D000 MFEODDODOOODODOOOOOOOOOOODODODOOODODOOOOOO00O0O
0000000000000000000000000000000000000000
00000000000000000000000000000 MFEOODOOOO 5.5
0000000000000000MFEODODOOOOODOOOOOODOOOOO0O
00000000000000000000000000MFEOOOOODOODOODOO
000000 L™= diag(Li™, L") 0 000000000000000000000
000 L™= diag(Limit + Limit [imit 4 [ OO0 0000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000MFEODOOOOODOOOOOO
00o000ooooag
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10 T T T 10
DME ellipse A DME with ——
Acceleration at Endpoint —----- Accele tlon at Endpoint with ---------
. DME yvlthout L=[T1, T2])
DME (withdut\ -[T1+T3 T2+T3]
5F 5 :
~ ~
< <
2 2
E, E
c c
2 0 S 0
@ ©
() ()
© ©
Q (8]
(S} Q
IS IS
-5 F -5 F
-10 1 1 1 -10 1 1 1
-10 -5 0 5 10 -10 -5 0 5 10
acceleration[m/s"2] acceleration[m/s"2]
without bi-articular muscles with bi-articular muscles

Os56: 000000O0O0O0OODMEOODOOODOOODOODOO

oo DMEOOO

0000 (5.200000000000000000000O0DOOOO0OOOOOOO0OO
000000 (b.34) 000000000000

XeP = J,eoM, 1T (5.34)

goooooooooobgbobobobobuoboboboboDbMEODODO 5.6
O00000000000006=[30°,60°]00000000O0O0O0O0O0O0O0O0O0O0OO
gooboobobobobobobsebdbooooobMEDOOOOOOOODOOO

oboboooboooobobMEODOODODODODODOODbOOODOObOObOODOn
gobooo

oo IMEOOO

000 (5.2)00000000000000000000O0OO0O0O0OO0O0O0O0O0O0O0
O00000000000000 (b3s)0000000O0ODOOonOO

Fer — QITint | pbias (5.35)

OO0000000000 o5k 0DODOODOODODODODODODUOOO Fiasd
ooobooMEOOODOODODOODDOOOODDOObDDODOODbDOOODOO IME
O0000057000000000000006=[30°,60° 0000000000000
oboboooboobooboboobobooobsryoobobooboIMEOODODOO

gboooooboooboobboobuooboobob IMEODODDOODOODDOOD
gobobooooboboboood
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2

IME —— IME with ——
Range of F -~ Range of F --------
15T T 15 Wo L=[T1, T2)) -
(Wo LSfFL+T3, T2+T3]
1t i 1l o\

0.5 r 05 |

0+

output force[N]
output force[N]
o

-05 -05

-1k

-15 - 1 -15
_2 1 1 1 1 1 1 1 _2 1 1 1 1 1 1 1
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2
output force[N] output force[N]
without bi-articular muscles with bi-articular muscles

Osr7n0bd0bob0boob0 MEOODOODOODOODbDOoODbDOooOoD

5.3.2 UUOOOOO0OOLOObLUbOOOLObLbOoOOoan

gs8bbdbooobooboobobbobooboobuoobobbobboobg
gboobooboobbooboobbooboobbooboobboooboobb40
gbgobooboobbobb 33i1gobugbooboobbobbooboab
opogoeNDOODOOODODODODOODDOODOOOLOODOODODOODOODO
gboboboobooboobd

5.3.3 UUUOOODLOOOOOOOO

gboogbbdodbgbobboobuoobuooboobbobboobobbooobd
obobodobooboobosbobboobooboooboobobboboobo
0000000 (h.36)0000

Lizit = diag(z, . 5)
11

Limit = di Z 21
iag(5: 5 1)

case2

Limit — diag(1, 1) (5.36)

gbobogdbboodgbbbodgbbbodbbiudidlbeaselU0O0O0ODDOOOODO
ObO0b000b0000case2000000000000O00O0O0DOOOO0ODOODOOO
gbobobogdgbboodbbuoggbbooobbobbooobboobboogbn
OooboooboooooooobooobobooooooDboobooboooog,b3oboooon
Oooe0300060009%00120004000000000000000DO0DOO
gbbboodgbbobobbuodobbboobbbogboboobobboboobbooan
gbbuogobooboboobbooobbuooobooobbooobbuooobod
OMFEODMEOOOOOOOOOOODOOOODOODOODOODOODOODOODbOOOOOO
gboboboooobboobooon
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T T T T
actual force  + actual force  +
expected - expected -
4r + IME (MFE) - E IME (MFE) -------- i
i
s ¥ P .
L ‘+ N
2k / g 2t ™ g
b f
5 e
; L i +
Z 4 + | z I i
= or \ i = of T Py g
w L \ i +
A U +
A B i
+ . : ¢ &
+ 4 )
" ""ﬁ 77777 o
! 7
* +
4 + 4 4 - i
Il Il Il Il Il Il Il Il Il Il
-4 -2 0 2 4 -4 -2 0 2 4
FX[N] FxIN]

Limit — diag(0.3,0.3)
without bi-articular muscle

Limit — diag(0.2,0.2,0.2)
with bi-articular muscle

éctual force "
expected -
4l IME (MFE) -------- i
+
++
+
i
2 N \2 i
* #
‘1" +
= /
= 0} ’/‘ .
@ +1f Vs
¥
! o A
' +
+
2+ I i
+
+
+
-4 -
Il Il Il Il Il
4 2 0 2 4
Fx[N]

L™ = diag(0.15,0.15,0.3)

with bi-articular muscle

058 000000000000000000000000000OO00000000
0000 (MFE)OOO
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without bi-articular muscle with bi-articular muscle (case 1)

with bi-articular muscle (case 2)

05900000 MFEOOD

OO0 MFEOOODOOOOOOOOOMFEODOODUOOOODOODOOODOODO
gbbuogobbobboobbbooobbuooobbobbuoobbooobbood
O0000000Dcase 100060600 000000000000O00O0DO00O0DO0ODOO
Ob0b0000Ocase 2000000000000 0O0ODOODOODOOODODOOODOO
goboboboboboooogooosobbbbbobbbbugooooobbobbo
O0000D0case20000000000000DO0O0DOODOODOOODOODOOODOO
gobobooogn

OO0 DMEODOODOOODODOOOOOO0OOLOOOObOOo0b0OO0oDbOo03000D0D0
gbobogobobobobobbdoobobooobbooobbuogbobooobbood
gbbuogtobboodabboodobuoobobooobboboboobboobbooab
gbbogobooboboobbbooobbuoooboboobboooooobbood
OO00000000case200000000000O0O0OOOOOOO IMEODOODOO
obooboooMFEO IMEOODUOOODOODOOOObDOoOOOobOoobobooobooo
ooooobooOoMFEOOOODMEOOODOOOOODOOODODOOOODOOODOO
gboboodbbogbobooobbooobbodobbuoobbuogobooobboob
goo
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q2=30 —— q2=30 ——
G260 - q2=60 -
2290 - 2290 -
q2=120 q2=120
without bi-articular muscle with bi-articular muscle (case 1)

with bi-articular muscle (case 2)

0 5.10: 000400 DMEDOD
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yd \\
/ 7/7/7)7 - —~
q2=30 —— q2=30 ——
G260 - q2=60 -
2290 - 2290 -
q2=120 q2=120
without bi-articular muscle with bi-articular muscle (case 1)

with bi-articular muscle (case 2)

0 s511: d0odgoIMEOOD
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534 UUOOOODOOOOOOOO

gboboggbbuoggbboobbuooobbuoogbboobbooob 300n
00000 (5.22)0(h.24)00000000ODO0OOOOOOODOOOOOOOOOOOO
6, 00000060000 1800 (rrad) DO0ODDOOOOOOOOOOOOOODODOOO
00000000000000000000000O000 (b36)00000OODO

gbobbuoodobbiudidw, 000005 12000000000000000040
gbbuogtobbodgbboodoboobbuooobboobbooobbooobod
gbobogbbogobboobbuogbobooobboobuoobbooboogbn
UbO0bo0o0bobobobiodbbecasel0000O0DOO0O0OODOO 1.5 0case2 00
gbobobogil3booggbbobuoooobboooobboooobbooognon
goobobobobobobobobobooobobobogsbobooooon
gobboboooodbbbbw, 00000000000 DOOO0O0O0OOODOOOODO
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double angle) 0000000 wed 0000000 uf0000 angled O OO pair
D000 1000000000000

- 114 -



A2000000D00DOOOOOO

double execMUSCULARPAIRSD(MUSCULARPAIR* pair, double S, double D,
double angle) DO 000 SOOODOO0O0OODOOOODO angleD OO0 paird
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